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ABSTRACT
PHYSIOLOGICAL BASES OF PARENTAL CARE IN THE BURYING BEETLES,
NICROPHORUS ORBICOLLIS 
by
Stefania Carmen Panaitof 
University of New Hampshire, May, 2006
Burying beetles, Nicrophorus orbicollis, have extended biparental care. They bury 
and prepare small vertebrate carcasses as food for their young. While females provide the 
most care, single males show a remarkable behavioral compensation after a mate loss. 
Here, I integrate behavioral and physiological analyses of parental behavior in burying 
beetles by exploring how hormonal and social factors may interact to mediate brood care.
In Chapter I, I establish Juvenile Hormone (JH) profiles during a breeding bout 
and show that after larvae hatch, JH titers of single males and paired females are similar. 
JH titers of single males also respond to brood size and are positively correlated with 
measures of parental effort such as increased brood mass. Chapter II explores inter­
individual variation in JH titers and shows that there is little inter-annual variation at the 
onset of a breeding season and no dramatic diurnal changes. In Chapter HI, I explore how 
paternal responsiveness to larvae is related to hormone changes by manipulating various 
cues from young. Between rejecting (48 h or 24 h prehatch) and accepting larvae (when 
broods hatch), JH titers of single males increase. In addition, providing protracted care
xi
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for successive broods of newly hatched larvae maintains elevated JH. In contrast, single 
males that commit infanticide when their broods hatch have significantly depressed JH. 
However, treating single males with a JH antagonist does not interfere with care. These 
results combined suggest that while high JH titers are correlated with the onset and 
intensity of care, expression of parental behavior may occur despite low hormone levels.
Chapter IV shows that JH alone is not sufficient to upregulate Vitellogenin (Vg) 
gene expression in females. Neither increasing or lowering JH significantly affects Vg 
mRNA levels, suggesting that JH may not be the sole gonadotropin. Chapter V explores 
the role of octopamine, dopamine and serotonin during brood care by combining direct 
treatments and individual measurements of amine brain levels. Preliminary findings 
suggest that studies of neuromodulation by biogenic amines could be an important tool to 
further decipher the complexity of biparental care in burying beetles.
xii
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INTRODUCTION
Reproductive social behavior of insects is remarkably diverse and reflects an 
unparalleled ability to adapt to an astounding array of environments and evolve some of 
the most fascinating types of sociality (Wilson, 1971). Am ong insects, burying beetles, 
Nicrophorus spp., are almost unique in exhibiting striking examples of extended 
biparental care of young. While in most care-giving insects female care appears to be the 
norm, extended maternal care is rare (Thornhill and Alcock, 1983; Zeh and Smith, 1985; 
Tallamy and Wood, 1986; Clutton-Brock, 1991); biparental care is even rarer and 
represents a feature o f just a handful of species such as those that use a “bonanza” 
resource like carrion or dung for reproduction (Wilson, 1975; Tallamy and Wood, 1986; 
Halffter, 1991). All Nicrophorus species share a unique suite of behavioral adaptations 
that enables them to successfully utilize a rich and ephemeral resource (e.g., a small 
vertebrate carcass) for their reproduction. The ecological and evolutionary context of 
these adaptations has been well described (Eggert and M uller, 1997; Scott, 1998).
Among burying beetles, Nicrophorus orbicollis has evolved some of the most 
complex patterns of care. A male and female pair will cooperate in securing and 
preparing the resource as food for their young, as well as providing brood care. Upon 
discovery of a carcass, beetles bury the carcass, remove hair or feathers and roll it into a 
carrion ball. Female lays eggs in the soil nearby and altricial (defenseless) larvae hatch 
and make their way on top of the carrion ball. Male and fem ale N. orbicollis perform the 
same parental tasks. Parental repertoire is complex and includes maintenance of the
1
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carrion ball and brood chamber (a depression in the soil where the carrion ball lies), as 
well as brood care (Fetherston et al., 1990). Larvae beg and are fed regurgitated 
predigested food by both parents. In N. orbicollis, newly-hatched larvae are entirely 
dependent on parental feeding on the first day of life. Both males and females are capable 
of rearing offspring as single parents. W hile female N. orbicollis spend significantly more 
time feeding larvae than males (Fetherston et al., 1990), when the female is removed, 
single males compensate for the mate loss by increasing their feeding rates and duration 
of care to match those of single females (Fetherston et al., 1994). Since females provide 
the most care, it is thus male behavior that shows the greatest plasticity during a breeding 
bout.
Studies of the evolution of male care have shown that in N. orbicollis the presence 
of a male parent decreases the probability of a takeover by a conspecific intruder (Scott, 
1989; 1990; Scott and Traniello, 1990; Trumbo, 1991) which usually results in 
infanticide of the brood and reproductive benefits for the usurper (Scott, 1990; Trumbo, 
1990). Burying beetle parents also exhibit a striking ability to accurately time the 
hatching of their broods. This rare adaptation in insects is thought to reflect an indirect 
mechanism of parent-offspring recognition in that larvae that hatch too soon or too late 
relative to the expected time are cannibalized by parents (Muller and Eggert, 1990).
While the natural history of burying beetles is well-understood, the hormonal 
underpinnings of these fascinating reproductive behaviors are far less understood. This 
dissertation explores the physiological bases of parental care in burying beetles by 
focusing on the role of Juvenile Hormone (JH), as a gonadotropin or as a regulator of 
parental behavior.
2
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JH is the major insect gonadotropin and regulator of social behavior and it is 
thought to play a major role in insect parental care. As a gonadotropin JH is expected to 
stimulate the physiological processes leading to egg-laying such as synthesis of yolk 
protein and its uptake by the developing oocytes (Koeppe et al., 1985). As a regulator of 
social behavior JH is known to affect a wide array of reproductive behaviors including 
sexual receptivity, courtship and mating (Nijhout, 1994). The role of JH in modulating 
parental care has been well-established in several insect models exhibiting maternal care 
such as the earwig and the diverse group of cockroaches (Trumbo, 1996; 2002).
Burying beetles are the first biparental insect for which hormone studies of 
reproductive behavior have been initiated (Trumbo et al., 1995) and represent a special 
case for the endocrine control of reproduction. Unlike most parental insects which have 
low JH during the care-giving stage, burying beetles demonstrate an opposite pattern, 
with female JH titers rising dramatically at the onset of brood care, representing some of 
the highest hormone titers measured in insects (Trumbo, 1996; 2002). At present it is 
poorly understood why in burying beetles high JH titers are not incompatible with care. 
Moreover the physiology of male behavior during care is even less investigated. Due to 
their remarkable behavioral plasticity during breeding, male burying beetles make in fact 
excellent candidates for the integrative study of hormonal and social regulation of 
reproduction.
In Chapter I o f this dissertation, I established JH profiles of single and paired 
male parents during a breeding bout and compared them to that of females. In the same 
chapter, I have also explored whether JH  is sensitive to social cues by investigating the 
effects that stimuli from young such as brood size exert on male JH. Chapter II provides
3
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insight into some of the sources of the natural variation in JH titers in both non breeding 
and breeding burying beetles. The effects of JH on paternal responsiveness were further 
explored in Chapter III in which the responses of single males to cues from newly 
hatched larvae were assessed by manipulating the context of care-giving and measuring 
hormone levels either at the onset of parental behavior or after brood care was provided. 
Chapter IV posed the question of whether in burying beetles JH acts as a gonadotropin by 
investigating the effect of JH on vitellogenin (yolk protein precursor) gene expression in 
the fat bodies of newly eclosed or sexually mature females. Finally, Chapter V probes the 
possibility that additional physiological factors such as the biogenic amines, octopamine, 
dopamine and serotonin, well-known modulators of insect behavior, may interact with JH 
in regulating parental care.
It is my hope that this dissertation demonstrates the complexity of the 
physiological bases of parental care in burying beetles which in many respects resembles 
that of vertebrates. Burying beetles possess a vertebrate-like plasticity in the timing and 
organization of reproduction which is based on a complex integration of environmental 
and social cues. As one o f the few insects with an elaborate pattern of care, they have 
become a model system for understanding how physiological mechanisms of 
reproduction are related to the behavioral plasticity and ecology of a species and for 
exploring convergent patterns of evolution and physiology of invertebrate and vertebrate 
parental care.
4
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CHAPTER I
PLASTICITY IN JUVENILE HORMONE IN MALE BURYING BEETLES DURING 
BREEDING: PHYSIOLOGICAL CONSEQUENCES OF THE 
LOSS OF A MATE
Abstract
Burying beetles, Nicrophorus orbicollis, have facultative biparental care. They 
bury and prepare small vertebrate carcasses that provide food for their young. Here we 
establish the juvenile hormone (JH) profiles of paired females, paired males and single 
males and investigate some of the environmental and social factors that may affect these 
profiles. Before larvae hatch JH profiles of paired males and females were similar. 
However, after larvae hatch and during brood care, JH titers of females were very high 
and those of single males were significantly higher than those of paired males. We tested 
the hypothesis that higher JH was a response to the need for increased parental care by 
manipulating brood size. Although JH titers of single males caring for small versus large 
broods were not significantly different, when comparing JH titers and larval growth (a 
measure of parental effort), a significant positive correlation emerged. In contrast, we 
found that food quality had no effect on JH levels suggesting that increased feeding by 
males and females after carcass discovery cannot explain the elevation of JH. The
5
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regulation of JH in male burying beetles appears thus to be dependent on the presence of 
a mate and on critical stimuli from young.
6
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Introduction
Insects with long-lived adults have complex reproductive cycles that depend on 
hormonal control (Barth and Lester, 1973; Nijhout, 1994). The endocrine responses of 
females that undergo regular or opportunistic reproduction have been extensively 
described in several species (i.e., earwigs, mosquitoes, cockroaches). Juvenile hormone 
(JH) has been shown to influence insect reproduction in virtually every species studied 
(Koeppe et al., 1985; Nijhout, 1994; Wyatt and Davey, 1996; Ringo, 2002). In many 
species, JH acts as a major gonadotropin, controlling ovarian growth by promoting 
vitellogenin synthesis by the fat body and its uptake by the developing oocytes (Kunkel, 
1981; Don-Wheeler and Engelmann, 1997).
Relatively little is known of the role of JH in regulating male reproduction. In 
males of long-lived insects, spermatogenesis appears to be stimulated by ecdysteroids 
(Hagedom, 1985) but at present there is no clear role for JH in spermatogenesis. In males, 
as in females, JH may act to stimulate sexual maturation (Koeppe et al., 1985) by 
controlling gonadal development and the onset of sexual receptivity. Most o f the data on 
the hormonal control of male reproduction and adult behavior come from a few 
orthopteran species. However, the wide variation in the patterns of sexual maturation and 
mating behavior observed in these species makes it difficult to interpret such data. Males 
of the desert locust Schistocerca gregaria require high JH titers for normal sexual 
behavior (Loher, 1960). Allatectomy (removal of corpora allata, CA, the source of JH) 
inhibits male sexual maturation and mating behavior and implantation o f CA into 
allatectomized males restores mating activity (Loher, 1960; Pener, 1967; 1985). In
7
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addition, studies of diapause in adult males of this species show that both a JH deficiency 
and a behavioral adaptation are involved in rendering males unable to inseminate 
receptive females (Pener, 1992). In addition to regulating sexual receptivity, JH can also 
indirectly affect male reproductive behavior by controlling pheromone release (Barth, 
1965; Raina, 1993) or migration patterns (Rankin and Riddiford, 1978; Dingle, 1985).
The burying beetle, Nicrophorus orbicollis (Coleoptera: Silphidae), is an 
opportunistic breeder that utilizes a small vertebrate carcass as food for its young 
(Pukowski, 1933). After emergence as adults, females reach reproductive competence in 
12-20 days (Wilson and Knollenberg, 1984; Trumbo et al., 1995) and mating takes place 
anytime with or without a carcass. Oviposition typically begins 15-36 h after the 
discovery of the carcass. Burying beetles have facultative biparental care. Under normal 
circumstances, the male remains until larvae are 3-4 days old and the female remains 
until larval development is complete (6 - 8  days) (Scott, 1998). Females are the more 
active parents (Fetherston et al., 1990) and can successfully rear their broods alone (Scott 
and Traniello, 1990; Trumbo, 1991). However, males can also raise the brood as single 
parents by increasing both the rates and duration of their care (Trumbo, 1991; Fetherston 
et al., 1994; Rauter and Moore, 2004). Larvae grow very fast and molt to second instars 
after about 24 h and to third instars in another 24 h.
In females, JH titers have been shown to rise and fall dramatically during a 
reproductive bout (Trumbo et al., 1995; Trumbo, 1996; 1997). The discovery o f a carcass 
triggers a 2-fold increase in the JH titers of females within 10 min. After 24 h, there is a 3 
to 4-fold increase in JH titer and a 2 to 3-fold increase in ovarian mass (Scott and 
Traniello, 1987; Trumbo et al., 1995). Unlike most female insects with extended maternal
8
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care, female burying beetles maintain high JH titers during the active phase of parental 
care (Trumbo et al., 1995; Tmmbo, 1996). This has led to the hypothesis that JH has been 
co-opted to regulate parental behavior (Trumbo, 1996; 1997; Scott et al., 2001).
At present little is known of the JH profiles of male burying beetles during a
reproductive bout or of the proximate mechanisms that control the onset, duration and
termination of male parental behavior. However, recent physiological studies have
*
established that males and females have similar rates of JH biosynthesis and similar 
levels of JH esterase at least for several days after oviposition (Scott et al., 2001). These 
results suggest that male reproductive behavior may be regulated by physiological 
mechanisms similar to those of females. In this paper, we compare the JH profiles of 
paired males (in the presence of a female), single males (in the absence of a female) and 
paired females during a breeding cycle. We determine that the hormonal responses of 
male beetles in two social conditions (paired and single male parents) differ dramatically 
during the post-hatching stages of the breeding cycle. While paired males show a drop in 
JH titers during this period, there is a parallel hormonal dynamic in the JH profiles of 
single males and females after larvae arrive on the carcass. Furthermore, we explore the 
effects of some environmental and social cues such as brood size, parental effort and 
nutrition on male JH. Finally we discuss our findings in the view o f a possible social role 
of JH in burying beetle reproduction.
9
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Methods
Experimental Animals
Experimental animals were newly emerged adult N. orbicollis captured in 
Durham, New Hampshire in June 2001, 2002 and 2003 or were laboratory-reared 
offspring of these wild beetles. They were maintained in standard housing conditions in 
covered plastic boxes (1 lx l  1x4 cm) filled with damp paper towels in same-sex groups of 
up to 10 individuals at 20°C and a 14L:10D cycle. Lab-reared offspring were fed a meal 
of beef kidney (<2 g) after emergence. Thereafter both wild-caught and lab-reared beetles 
were kept on a diet o f mealworms and kidney ad libitum prior to the experiments. Beetles 
had not been previously bred and were sexually mature adults between 21 and 45 day-old 
at the time of experiment. Experiments were begun at the onset of the dark period when a 
pair of male and female beetles was placed in a covered plastic box (19x14x10 cm) three 
quarters filled with soil and given a 15-30 g mouse carcass. Mouse carcasses were 
laboratory culls from biomedical facilities, stored frozen and thawed prior to the 
experiment.
,TH Profiles during a Breeding Cycle
To establish the JH  profiles during a reproductive bout the beetles (N = 215) were 
randomly separated into three experimental groups: paired males (N = 89) were given a mate 
and a carcass and allow ed to breed; paired fem ales  (N = 89) were the mates o f the paired 
males; single males (N = 37 ) were breeding males whose mates were removed 1-2 days 
before the larvae were expected to hatch, causing them to raise their broods as single parents;
10
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and control group of nonbreeding animals (N = 19). This control group consisted of male 
and female beetles with ages similar to the experimental animals, obtained from the same 
colonies as the other experimental groups. They were maintained in identical housing 
conditions but were not given a mate and carcass to breed. Hemolymph samples were taken 
from individuals at the indicated times (see Figure 1.1). Each beetle was sampled only once.
.TH. Brood Size and Parental Effort
To examine the effect of caring for young larvae on the JH titers, single males (N 
= 30) were allowed to care for a brood of either small (5 larvae) or average size (15 
larvae). Since males increase their rate of care in the absence of a mate (Fetherston et al., 
1994; Rauter and Moore, 2004) we investigated the relationship between JH and parental 
effort by determining the number o f larvae and the total brood mass after one day of 
paternal care.
Each pair of beetles was given a 25 g carcass in a plastic box with soil. One day 
before their larvae were expected to hatch, males were moved to a new box of soil with 
the carcass, without the female. The eggs were located, placed on a damp paper towel and 
monitored until they hatched. All larvae were less than one-hour old at the time they were 
placed on the carcass. A hemolymph sample was taken from the males 24 h after they 
were provided with larvae. We used total brood mass in the analysis rather then the 
incremental weight gain because there is little difference in mass among newly hatched 
larvae (2.3 ± 0.4 mg each). When cared for by an attentive parent, larval mass can 
increase 10-fold after 24 h, although intra- and inter-brood variation is common (MPS,
11
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unpublished data). We then plotted the total brood mass against the JH titers of single 
males in each brood-size treatment.
JH and Feeding
The effect of feeding on the JH titers in animals that were not reproducing was 
tested using lab-reared nonbreeding females (N = 32) and nonbreeding males (N = 20). 
Each beetle was weighed and then fed either mouse pieces weighing about 5 g (a size 
insufficient to cause the onset of reproduction) or kept on a diet of mealworms. After 
three days, these animals were weighed again and bled. Furthermore, we tested the effect 
of carcass size on a second group of females (N = 20) that had previously been 
inseminated and had reproduced. These animals were allowed to breed again by placing 
them with either a 10 g (N = 10) or a 25 g (N = 10) mouse carcass in a box of soil, 
without a male. The boxes were monitored twice a day for the presence of eggs and three 
days later all females were weighed again and a hemolymph sample was taken. A 10 g 
carcass is within the smallest range of carcass sizes that N. orbicollis can use to reproduce 
while a 25 g carcass is within the average size class.
Hemolymph Sampling. TH Extraction and Assay
Beetles were removed from the brood chamber at the designated times and 3-12 
pi of hemolymph were collected by applying a calibrated micro-capillary tube to the 
wound produced by severing one of the hind legs or from punctures in the intersegmental 
neck membrane. Hemolymph samples were immediately transferred in 0.5 ml acetonitrile 
on ice and stored at 4°C (Trumbo et al., 1995). Prior to JH extraction, 1.0 ml of 0.9 %
12
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NaCl was added to each hemolymph sample. Each sample was extracted twice with 1.0 
ml hexane (Sigma HPLC grade). The hexane extract was dried under nitrogen flow, 
resuspended in 100-400 pi methanol and stored at -20°C until analysis by 
radioimmunoassay (RIA) for JH HI (Hunnicutt et al., 1989; Trumbo, et al., 1995; Scott 
and Panaitof, 2004). Trumbo et al. (1995) and Scott et al. (2001) established that JH E l is 
the only JH produced by the burying beetles. Trumbo et al. (1995) and our laboratory 
confirmed that this RIA method requires no further purification of the hemolymph 
samples. This protocol uses a chiral-selective antibody to 1 OR -  JH III, a high-affinity 
antiserum that makes it possible to measure JH IH concentrations in extremely small 
volumes of hemolymph (2pl) with good sensitivity (<10 pg/tube). RIA were performed in 
duplicate in tubes containing about 3500 dpm racemic [3H ] JH HI (NEN 1 ICi/mmol), 2 
pi of methanol (Total Bound), a JH standard in methanol, or an unknown sample in 
methanol (see above) and the diluted anti-1 OR -  JH III antiserum in a total volume of 200 
pi gel-PBST. The antiserum was diluted (typically, 1:16,000) so that Total Bound/Total 
Counts was about 25%, the range of maximum sensitivity. The reactions were incubated 
for 2 h at room temperature, chilled on ice for 5 min, and then treated with 0.5 ml of cold 
dextran-coated charcoal solution. The tubes were incubated for 2.5 min and then 
centrifuged at 2000g at 4°C for 5 min. The supernatant (containing [3H] JH III bound to 
the antibody but not free [ H] JH HI) was counted using a liquid scintillation counter 
(Wallace LKB 1214 Rackbeta). The radioactivity of each unknown and standard sample 
was expressed as percentage of the radioactivity in Total Bound tubes (%TB). For the 
standard curve, we used a series of methanol dilutions to deliver 3, 10, 30, 100, 300, 1000 
pg racemic JH IE (Sigma Chemical Co.) per tube. To calculate the amount of JH in each
13
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unknown sample, the standard curve was plotted as log JH versus %TB and then fit to a 
biquadratic equation (R2>0.99). Using this equation, the JH concentration (ng/ml) in each 
sample was calculated using the solver function in Excel. Hemolymph concentration was 
calculated from the hemolymph volume, the extraction efficiency, and the sample 
dilution in methanol. This value was multiplied by 0.5, since the standards were racemic 
JH and the antibody is chiral selective. Repeatability of samples from single individuals 
and the intra-assay consistency (<3%) were high. Positive controls (10 pg and 300 pg 
JH/tube), were ran at the end of each assay.
Data Analysis
Data were log-transformed before analysis and means and standard errors were 
back transformed (antilog) for graphical representation except for Figure 1.3. To compare 
the JH profiles between different behavioral treatments (paired females, paired males and 
single males) and stages during the breeding cycle (prebreeding and Days 1-7 of the 
breeding cycle), single-factor ANOVAs and Tukey tests for unplanned multiple 
comparisons were performed and a critical a  level of 0.05 was applied. All statistical 
analyses were carried out using SYSTAT version 9.1.
14
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Results
.JH Profile of Paired Females during a Breeding Cycle
Changes in JH titers of females during the breeding cycle (Figure 1.1) were 
similar to those reported by Trumbo et al. (1995) and Trumbo (1997) and followed the 
pattern predicted from the previously measured rates of JH biosynthesis and 
degradation during this period (Scott et al., 2001). JH titers rose 8 -fold 12 h after 
carcass discovery to levels that were significantly higher than prebreeding levels (Fg.so 
= 23.45, p = 0.001). This was followed by a small decline by 24 h. Thereafter, the JH 
titers of the females rose steadily over the next three days, reaching levels that were 
about 70-fold higher on Day 4 compared to prebreeding levels. The JH titers of paired 
females were significantly higher on Day 2 and thereafter than prebreeding values (Fg,go 
= 23.45, p = 0.000). There were no significant differences among JH titers on Day 4 
(the day before larvae were expected to appear on the carcass), Day 5 (first larval 
instar), and Day 6  (second larval instar). The JH levels of paired females were highest 
on Day 6  when larvae were second instars. This stage coincides with the most active 
phase of parental care when the rates of larval feeding peak as well (Fetherston et al., 
1994). Paired females had significantly higher JH titers than paired males when larvae 
were first and second instars (F2 3 3  = 12.1, p = 0.000 and F 2 3 2  = 35.86, p = 0.000, 
respectively). By the time larvae were third instars, JH titers of paired females fell 
abruptly to levels only slightly higher than prebreeding levels.
15
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.TH Titers of Paired and Single Males
JH titers of paired males tracked closely those of paired females during the first 
three days after carcass discovery with peak values at 8 h and on Day 3 after carcass 
discovery when hormonal levels were significantly higher than prebreeding titers (Fg.so = 
4.38, p = 0.003 and p = 0.001, respectively). JH levels declined to prebreeding levels on 
Day 4 (prior to the arrival of larvae on the carcass) and stayed low through the rest of the 
breeding cycle (Figure 1.1). In contrast, single males instead showed a dramatic 
physiological response to single parenthood. On Day 5 (the day that larvae arrived on the 
carcass and one day after their mates were removed) their JH levels were 3-fold higher 
than those of paired males. On Day 6, the peak day of parental duties, the JH levels of 
single males were 17-fold higher than those of paired males (F232 = 35.86, p = 0.000). 
The JH profile of single males caring for first and second instar larvae showed a parallel 
outline to that of females, though the increase in JH titers was more abrupt. The JH 
profile of single males reached a sharp peak when larvae were second instars (Day 6) and 
parental responsiveness is extremely high for both females and single males and we 
found no significant difference between the JH titers of single male and paired female 
parents at this stage (F2,3 2 = 35.86, p = 0.37). On average, JH titers of paired females 
caring for second instar larvae were 32-fold higher than the JH titers of paired males but 
were barely twice as high as those of single male parents. Hormonal levels of both paired 
and single males fell to prebreeding levels by the time larvae molted to third instars (Day 
7), coinciding with a typical plunge in the frequency of regurgitations to larvae, but were 
slightly lower for single males compared to paired females at this time (F2,36 = 4.95, p = 
0 .01 ).
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JH, Brood Size and Parental Effort
Single males increase their rate of larval feeding over that of paired males 
(Fetherston et al., 1990, 1994; Rauter and Moore, 2004) and we found that this increase 
was paralleled by an increase in their JH titers (Figure 1.2). Single males caring for 5 
larvae had lower JH levels than single males caring for 15 larvae albeit not significantly 
so (Fi,28 = 1-55, p = 0.22). Not all of the single males accepted larvae even though their 
own had hatched and these males had very low JH. We took the total mass of the brood 
after 24 h as a measure of parental effort during this period. We found significant positive 
correlations between brood mass and JH titers of single males caring for small (R2 =  0.32, 
p = 0.05) and large broods (R2 = 0.34 and p = 0.05) (Figure 1.3).
JH and Feeding
Feeding on a preferred food (e.g., a carcass) did not account for the increase in JH 
shown by males and females upon the discovery of a carcass. Although males and 
females gained weight over 3 days when given the opportunity to feed on a preferred 
food (7 ± 3% and 16 ± 2% weight gain, respectively), food quality had no significant 
effect on JH levels: male and female beetles fed small mouse pieces (about 5 g) for three 
days did not increase JH titers compared to those of individuals kept on a less nutritious 
diet of mealworms (Figure 1.4; Trumbo and Robinson, 2004). Female beetles that 
attempted to reproduce on either small carcasses (10 g) or average-size carcasses (25 g) 
also gained weight (20 ±3%  and 20 ± 2% respectively) and had elevated JH titers 3 days 
after carcass discovery. Females that bred on either small or average-sized carcasses had 
significantly higher JH levels compared to nonbreeding females fed on mealworms or
17
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mice (F5,66 = 11 -484, p < 0.002 in all cases) and to nonbreeding males fed on either diets 
(F5,66 = 11.484, p < 0.004 in all cases).
18
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Discussion
In nature, burying beetles depend on the location of an unpredictable resource for 
reproduction and as a result have evolved physiological and behavioral mechanisms to 
quickly exploit a rich, ephemeral resource. One of the mechanisms is facultative 
biparental care that depends on a striking behavioral flexibility in the brood-care 
repertory (Fetherston et al., 1990). The rapid response of JH to the discovery of a carcass 
suggests that it has an important role as a gonodotropin or in the organization of behavior, 
or both. This is the first study to establish hormonal changes in males of a biparental 
insect and to explore the link between reproductive physiology and behavior in an insect 
species with an elaborate pattern of care. The JH  profile observed in single males 
supports the previous correlation between high JH titers and care that was seen in female 
burying beetles (Trumbo et al., 1995) and the divergence between the JH titers of single 
and paired males indicates that male parents can respond selectively to social cues such 
as absence of a mate and stimuli from larvae (Scott and Panaitof, 2004).
JH Titers during Breeding
On the first days following carcass discovery JH profiles o f males and females 
show similar changes, with rapid increases in JH  levels in response to the initiation of 
assessment and burial of a carcass (Trumbo e t al., 1995). Successful nesting by 
Nicrophorus pairs may require close coordination and communication between the male 
and female partner (Huerta and Halffter, 1992). The parallel changes in JH titers may 
mediate behavioral synchronization within a  pair of beetles. We have previously shown
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that the rise and fall of JH  biosynthesis rates of males during the first 3-4 days after 
carcass discovery track closely those of their mate (Scott et al., 2001). Since beetles must 
recognize their mate in order to cooperate in nest defense (Scott, 1990; Trumbo, 1991; 
Muller et al., 2003), reproductive status may be signaled by matching JH titers as a cue 
for individual mate recognition (Scott and Madjid, under review).
During the first tw o days that larvae are on the carcass, paired females have very 
high JH titers. The intensity of parental care also peaks at this age when N. orbicollis 
larvae are critically dependent on parental regurgitation of predigested food (Trumbo, 
1992; Eggert et al., 1998). By the time larvae reach the third instar, the JH titers o f paired 
females fall abruptly, coinciding with the developmental stage when larvae can feed 
independently and can reach the interior of the carcass with minimum parental assistance 
(Fetherston et al., 1990; 1994; Smiseth et al., 2003). Thus, unlike other parental insects 
like earwigs and cockroaches, maternal care in burying beetles is not incompatible with 
high JH. In the ring-legged earwig, Euborelia annulipes, JH titers decline after 
oviposition and remain low  during the parental phase (Rankin et al., 1995) and in the 
viviparous cockroach D iploptera punctata JH synthesis remains inhibited during most of 
the ‘gestation’ period (Tobe et al., 1985). Post-ovipositional increases in JH levels are 
usually correlated with the termination of care and initiation of a new reproductive cycle 
(Trumbo, 1996; 2002).
In contrast, the JH  titers of paired males do not increase with the arrival o f larvae 
on the carcass but rather decrease gradually during the breeding cycle. The JH levels of 
paired males mirror the asymmetry in the time budgets for parental behaviors of males 
and females during larval development. Paired males continue to demonstrate a reduced
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involvement in nest maintenance and larval feeding and typically terminate care as soon 
as larvae molt to third instars (Fetherston et al., 1990; Scott and Traniello, 1990). By this 
time parents face a decreased risk of carcass take-over by infanticidal intraders due to its 
advanced depletion and hence decreased value to conspecifics or scavengers (Scott, 1990; 
Trumbo, 1991).
Single males show striking similarities to paired females on the first two days 
larvae are on the carcass. These include behavioral (e.g., increased rates of food 
regurgitation to larvae and carcass maintenance; Fetherston et al., 1994, Rauter and 
Moore, 2004) but also physiological changes (e.g., increased JH secretion during the 
most intense stages of brood care). JH levels of single males caring for young larvae are 
comparable to those of females, confirming the strong relationship between high JH and 
the intensity of parental care in burying beetles.
JH. Brood Size and Parental Effort
As a rale N. orbicollis females spend more time caring for larvae than do males 
while single parents provide more care than do paired counterparts (Fetherston et al., 
1994). W hen given broods of experimentally manipulated sizes, males and females 
respond similarly by increasing the time spent caring for broods o f increasing size 
(Rauter and Moore, 2004). While both single and paired parents increase larval care 
when brood size increases from small to average size (5 to 15 larvae), only the paired 
parents increase the time spent feeding larvae for broods larger than average (e.g., 25 
larvae). This suggests that there may be an upper limit to the effort single parents can 
allocate to increasing offspring demands (Rauter and Moore, 2004). Moreover, single
21
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male parents experience a more intense adjustment to the loss of their mate since they 
spend nearly twice as much time feeding a brood of 15 larvae than a brood of 5 larvae. In 
contrast, single females spend barely more time feeding broods o f 15 larvae than broods 
of 5 larvae (Rauter and Moore, 2004).
The fact that single males and paired females behave similarly during the time 
larvae are critically dependent on parental assistance such as feeding and defense also 
suggests to us that parental care by male and female burying beetles may be regulated by 
similar hormonal mechanisms. Both the hormonal profile (Figure 1.1) and the JH titers of 
single parents caring for 5 or 15 larvae (Figure 1.2) support this hypothesis. Although the 
increase in JH titers of single males caring for 15 larvae compared to single males caring 
for 5 larvae was not as significant as we had anticipated, it does suggest to us that the 
behavioral adjustment that single males undertake in response to increased brood size 
may have a physiological substrate as well. Single males appear to selectively monitor 
stimuli from young (presumably increased larval begging) and compensate both 
behaviorally by increasing the rates o f care and hormonally by increasing JH secretion. It 
appears that stimulation by more larvae may induce single males to increase their levels 
of JH secretion and this in turn may lead to increased rates of larval feeding as reflected 
in the positive correlation of JH titers and brood mass after one day of care (Figure 1.3).
,TH and Feeding
The absence of an effect of feeding on JH titers in burying beetles is in accord 
with observations by Scott and Traniello (1987) and Trumbo et al. (1995) that neither 
mating nor feeding mark the onset of a breeding bout in burying beetles. These studies
22
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suggest that the behavior associated with carcass assessment is sufficient to induce the 
fast ovarian development experienced by females after carcass discovery. The increase in 
JH titers occurs within 10-60 min of resource assessment (Trumbo et al., 1995) as a 
female will start working on the carcass almost immediately and if well-fed will forego 
the opportunity to feed from the carcass at that time (Trumbo, personal communication).
Biosynthesis of JH and JH titers are often positively related to nutrition as 
revealed by experiments involving deficient diets and starvation (Schal et al., 1997; 
Rankin et al., 1997; Yin et al., 1999), so we investigated how the nutritional status of 
male and female beetles before and during breeding is related to JH titers. Our 
experiments indicate that JH titers are not influenced by the quality of food beetles are 
fed or by the amount of individual weight gain during these feeding trials. However, it is 
significantly affected by the presence of a reproductive resource and the state of the 
individual (e.g., nonbreeding versus breeding).
This contrasts burying beetles and other parental insects where feeding is known 
to interfere with care. In the earwig Labidura riparia caregiving was usually linked to 
fasting and force-fed females were shown to terminate care early (Vancassel et al., 1984). 
In the oviparous cockroach Blatella germanica JH biosynthesis at the beginning of a 
reproductive cycle requires both mating and feeding (Stay and Tobe, 1977) but gravid 
females do not feed or feed very little. In the viviparous cockroach Diploptera punctata 
‘pregnancy’ requires active feeding as necessitated by the production of the ‘milk’ 
secretion that nourishes the embryos within the brood sac. In both species JH titer is low 
during ‘pregnancy’ and parental care (Schal et al., 1997; Tobe et al., 1985). Although the 
link between feeding and reproduction in burying beetles is not fully explored, our
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experiments suggest that the high JH titers that female or single male burying beetles 
experience during parental care are not a consequence of feeding or prolonged contact 
with the carcass per se.
The Role of JH
The relationship between JH and behavior has been previously investigated in the 
context o f aggressiveness, division of labor, sexual maturity and courtship. Endocrine 
effects on adult behavior are well-documented in honeybees (Apis mellifera) where it has 
been shown that JH regulates age-related division of labor in workers (Robinson, 1987; 
Robinson and Vargo, 1997). Low titers of JH are associated with ’nursing’ behavior 
while high JH titers are associated with foraging behavior of worker bees. Adult behavior 
of female paper wasps Polistes sp. is influenced by JH and both aggressiveness and 
establishment of a linear dominance hierarchy are dependent on high JH (Roseler et al., 
1984). JH is also known to alter the behavioral threshold to social stimuli in several 
nonsocial insects: cricket females (Acheta domesticus) with high JH titers are more 
responsive to male calls (Strambi et al., 1997) whereas male moths (Agrostis ipsilon) 
with elevated JH become more responsive to female pheromones (Anton and Gadenne, 
1999).
In this study we show that social cues may also sensibly modulate the patterns of 
JH secretion. In the case of N. orbicollis it has been suggested that JH may have been 
exempted from a purely gonadotropic role and co-opted instead to regulate social 
behavior and parental care in particular (Scott et al., 2001; Trumbo, 2002).
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Hormonal responses of paired males and females and of single males after the 
larvae hatch can be interpreted at least two ways (Trumbo, 2002):
1. JH titers are high at a time when parental care is most intense: larval feeding 
and carrion maintenance. High JH titers would be thus needed to stimulate the intense 
and energetically demanding metabolic processes at this stage of the breeding cycle. 
Hormonal profiles of paired females and single males support at least partially such a 
hypothesis but it is not clear at present why parental activities should be more 
energetically demanding than flying while in search of a carcass when JH is low.
2. JH titers increase rapidly when larvae arrive on the carcass to mark the 
transition from nonbreeding state to reproductive and parental behavior in the manner of 
a behavioral pacemaker (Robinson and Vargo, 1997). Burying beetles have a complex 
reproductive cycle and an elaborate pattern of parental care and the fluctuation of 
hormonal titers may mediate the switch between opposite behavioral states, e.g. from 
neutral to aggressive and from nonparental (infanticidal) to parental (Muller and Eggert, 
1990).
In the particular case of single males, hormonal profiles seem to implicate JH in 
regulating parental behavior in two possible modes. First JH appears to influence male 
behavioral responsiveness to relevant cues from young by facilitating the expression of 
parental behavior (acceptance or rejection of larvae). Secondly increasing larval 
stimulation (larval begging) by increasing brood size elicits higher JH secretion in single 
males, suggesting that JH could also cause these males to increase their rates of larval 
feeding and thus directly modulate the intensity or duration of care. Single females also 
respond to stimuli from young. Experiments of artificial clutch replacement indicate that
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the intensity of larval begging by first instars does affect JH titers. JH levels of females 
continue to increase when they are repeatedly (3 days in this case) given replacement 
broods of newly hatched larvae (Scott and Panaitof, 2004). High JH appears to be linked 
with prolonged, intense bouts of parental care in burying beetles and selective stimuli 
from young such as brood size or larval age are able to elicit quantitatively different 
behavioral and physiological responses from single parents. In contrast, these effects 
seem to be absent in paired males that are the earliest to terminate care. It is not however 
clear that JH may have been entirely exempted from a gonadotropic role in female 
burying beetles or how elevated JH titers mediate care.
Investigating the role of JH in burying beetle reproduction is a useful tool to 
answer questions that tackle the extreme versatility of the mechanisms by which JH 
regulates insect physiology and behavior (Wheeler and Nijhout, 2003). It may be that the 
versatility of JH functions and its effects on social behavior promote in burying beetles a 
hormone-behavior paradigm similar to that used by many vertebrates in the regulation of 
reproductive events and parental care (Trumbo, 1996). Burying beetles are unusual in 
several respects. They must coordinate reproduction with the location of a necessary 
resource which is unpredictable in both time and space. In vertebrates these aspects of 
reproductive behavior have been very well studied (e.g., in ring doves, Lehrman, 1965 
and in anoles, Crews, 1975) but not in any insects. Male and female beetles must undergo 
regular changes in their behavior and physiology during breeding and care giving and 
could thus represent a model system to investigate reproductive plasticity in a species 
with extended biparental care.
26
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Figure 1.1
JH profiles during breeding. Hemolymph titers of JH ID (mean ± SE) of paired females 
(gray squares), paired males (white diamonds) and single males (black triangles) 
correspond to each stage of the breeding cycle: prebreeding (controls), 8 h (males), 12 h 
(females), Days 1-4, after carcass discovery, and Days 5-7 (first, second and third larval 
instars, respectively). Sample sizes are shown at each point and statistically significant 
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Figure 1.2
Effect o f brood size on JH of single males. Bars represent hemolymph titers of JH JH 
(mean ± SE) of single males caring for 5 larvae (black) and 15 larvae (grey). Sample 
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Figure 1.3
Correlation between JH and total brood mass. Data points represent log-transformed JH 
III titers of single males caring for 5 (black squares) or 15 larvae (grey diamonds) and 
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Figure 1.4
Effect o f feeding on JH. Bars represent hemolymph titers of JH IH (mean ± SE) of males 
(black) and females (grey) who were fed either a diet of mealworms or scraps of mouse 
carcass and of females who were allowed to breed either on a 10 g or 25 g carcass. 
Sample sizes are shown at each bar and statistically significant differences are indicated 
by different letters.
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CHAPTER II
SOURCES OF VARIATION IN JUVENILE HORMONE
Abstract
Burying beetles, Nicrophorus orbicollis, reproduce on small vertebrate carcasses 
that they bury and prepare as food for their young. During a breeding bout, both males 
and females undergo dramatic changes in Juvenile Hormone (JH), a major insect 
gonadotropin and regulator of reproductive behavior. For the most part, these changes in 
JH are correlated with the sequential expression of several characteristic behaviors, 
starting with resource preparation and oviposition and culminating in the onset, 
elaboration and termination of parental care. However there is individual variation in JH 
titers of males and females at each stage of the breeding cycle. Here, I investigated 
potential sources of intra- and inter-individual variation in hemolymph JH at the onset of 
a reproductive season in nonbreeding individuals or during the main stages o f care in 
breeding individuals. Overall there was little inter-annual variation in JH of wild-caught 
beetles captured early summer of 2001-2003. However females showed significant inter­
individual variation in JH in the summer of 2002, possibly due to differences in the state 
of reproductive physiology. JH profiles of individual male-female pairs during a breeding 
bout were very similar to those established in Chapter I, representing changes in average 
JH titers of breeding paired males and females. During the first 12 h of care (day 5 of the
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breeding cycle), JH titers of each male-female pair varied little and were not affected by 
the repeated sampling protocol. This suggests that diurnal variation in JH may not be a 
significant cause of variation o f individual JH titers in burying beetles. JH of beetles 
during the first 12 h of care was also not significantly affected by the JH titers of their 
mate. Thus variation in JH of both nonbreeding and breeding individuals may reflect the 
effect of unknown environmental factors or intrinsic differences related to a beetle’s 
mating history and reproductive physiology.
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Introduction
Burying beetles, Nicrophorus orbicollis, are opportunistic breeders that rely on an 
unpredictable resource to breed. They bury and prepare small vertebrate carcasses as food 
for their young (Pukowski, 1933). A male-female pair of beetles will provide extended 
care to their altricial (defenseless) larvae in the form of parental regurgitation of food and 
‘nest’ defense. Juvenile Hormone (JH) is the master regulator of insect reproduction 
(Koeppe et al., 1985) and it is believed to play a major role in insect parental care as well 
(Trumbo, 1996; 2002). During a reproductive season, burying beetles undergo regular 
changes in their behavior and physiology. Behavioral changes that both male and females 
experience during a breeding bout are accompanied by dramatic hormonal changes, 
especially during parental care, when these beetles exhibit some of the highest JH  titers 
measured so far in insects (Panaitof et al., 2004; Chapter I). JH profiles of burying beetles 
during breeding have also revealed that there can be extensive variation in hormone 
levels at every stage of the reproductive cycle (Panaitof et al., 2004; Chapter I). However, 
the natural causes of this variation are poorly understood. Prebreeding JH titers are also 
not uniform in either wild-caught or lab-reared individuals. During breeding, the greatest 
variation in JH usually occurs at the onset and during the first two days of care. Social 
factors such as cues from the mate or young are important in the initiation and 
maintenance o f care in both males (Panaitof et al., 2004; Chapter I) and females (Scott 
and Panaitof, 2004). In single males, most of the variation in JH appeared to be explained 
by the positive correlation between hormone levels and intensity of parental effort 
(Panaitof et al., 2004; Chapter I).
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In this chapter, I investigated some additional sources o f the natural variation in 
JH observed in nonbreeding and breeding burying beetles. First, I have studied inter­
individual differences in JH at the onset of a reproductive season in wild-caught beetles. 
When beetles first emerge, it is expected they have low JH. Prebreeding JH levels were 
measured in beetles late May or early June, in three consecutive years (2001-2003). Inter­
annual comparisons of JH titers have provided a more detailed picture of the amplitude in 
natural variation in prebreeding hormone levels of male and female N. orbicollis. It is 
expected that this variation may reflect local environmental and social conditions, as well 
as intrinsic differences in the physiology of individual beetles.
I have also explored individual changes in JH of m ale-female pairs during a 
breeding cycle. By repeatedly sampling and measuring JH o f male-female pairs 
prebreeding and during the first three days of care, it was possible to compare breeding 
JH profiles, established based on individual variation in hormone levels, to JH profiles 
representing changes in average hormone levels of beetles sampled only once (Chapter I). 
Moreover JH titers o f male-female pairs during care were contrasted against baseline JH 
of the same individuals. This has allowed me to investigate if  prebreeding hormone levels 
can predict the amplitude of hormonal changes during breeding (e.g., do individuals with 
higher baseline JH experience a higher increase in JH during care?). By measuring JH of 
male and female within each pair it was also possible to assess the possibility of intra­
pair effects (e.g., being paired with a certain mate) on hormone levels. Burying beetles 
are expected to coordinate their reproductive activities, starting with carcass burial and 
preparation and culminating with the initiation and elaboration o f care, and this 
behavioral coordination may be reflected in matching hormone changes.
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I have also briefly explored the possibility of daily variation in JH by measuring 
changes in JH titers of male-female pairs during the first 12 h of care. Measuring JH 
every 3 h, following acceptance of larvae by parents, provided an analysis of real-time 
changes in JH during brood care. However, changes in JH due to possible daily pulses in 
JH secretion could not be entirely untangled in this context from hormone changes 
reflecting responses to stimulation from developing young.
In burying beetles, the bases of the recurring changes in behavior and physiology 
during a reproductive season are only partly understood. Their entire reproduction is 
centered on an ephemeral resource that is unpredictable in both space and time. In their 
particular case, availability of reproductive resource and not mates restrict breeding 
opportunities. However it is not completely clear how resource availability and other 
environmental conditions during a breeding season might impact their reproductive 
physiology. In addition, sources of variation in hormone levels may also reflect intrinsic 
differences in the patterns of hormone secretion due to dissimilar reproductive histories 
or perhaps as a consequence of daily regulation of JH biosynthesis.
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Methods
General Rearing Conditions
Beetles were captured using kidney baited pitfall traps in early June 2001, late 
May 2002 and early June 2003 in Durham, NH. I started trapping as soon as beetles 
began to emerge from over-wintering to insure that they had not had time to breed.
Beetles were housed with up to 10 same-sex individuals in clear plastic boxes containing 
damp paper towels and kept on a 14L: 10D cycle. Beetles were fed scraps o f beef kidney 
and mealworms ad libitum. At the time of sampling, beetles were sexually mature. 
Hemolymph samples were collected and JH extracted and measured by 
radioimmunoassay (RIA) following the protocol described in Panaitof et al. (2004).
Inter-Annual Patterns of Juvenile Hormone At the Onset of a Reproductive Season
To establish annual baseline levels of JH at the onset of a reproductive season, 
beetles were bled 7-14 days after capture. The time of day samples were collected 
differed across the three years: 8 pm in 2001, 12 am in 2002 and 6 pm in 2003. Data were 
log-transformed prior to statistical analysis performed in Systat 9. JH titers o f males and 
females across the three years were compared using single factor ANOVA, followed, 
when necessary, by Tukey tests for unplanned pairwise comparisons with a=0.05.
General Breeding Conditions
To breed, beetles were placed in a box % filled with soil with a 30-35 g previously 
frozen mouse carcass, at lights-off. Boxes were monitored daily to determine the
37
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
presence o f eggs. Shortly after the female laid eggs, each pair and their prepared carcass 
were transferred to a new box o f fresh soil. Eggs of each pair were removed from the old 
soil, placed on damp paper towels in a Petri dish and monitored until larvae hatched. 
Each pair (N=10) of beetles was then provided with 15 larvae from a mixed brood 
containing all synchronously hatching larvae. Beetles were observed to see if  they 
accepted (fed) larvae.
Juvenile Hormone Profiles of Male-Female Pairs During Breeding
To determine changes in individual male and female JH titers at different stages, 
beetles were sampled multiply. In one experiment, a first hemolymph sample was taken 
from each male-female pair an hour before beetles were allowed to breed (prebreeding), 
to obtain baseline JH levels. Beetles were allowed to breed and were not interrupted until 
the day larvae hatched. Three hours after beetles were first observed feeding larvae, each 
male-female pair was sampled again (first instars). Over the next two days, following 
every 24 h hour of care, two additional hemolymph samples were collected (second and 
third instars).
To explore the possibility o f daily variation in JH titers, in a different experiment 
breeding male-female pairs (N=4) were sampled repeatedly over the first 12 h of care. 
Three hemolymph samples were taken from each individual as follows: a first sample 
was taken 3 h following acceptance of larvae, followed by 3 additional samples at 3 h- 
intervals. Time of collection for first hemolymph samples ranged from 9 am to 9 pm, 
while last samples were taken from 9 pm to 9 am (next day). Statistical tests were 
factorial ANOVAs and were performed in Systat 9. Independent factors were sex of
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beetle, pair, individual beetle and bleeding number. The effect of multiple samplings on 
JH titers during the 12 h of care was tested using a ‘bleeding number x sex of beetle’ 
interaction. Overall sex differences between JH titers of males and females during the 
first 12 h o f care were analyzed using a ‘beetle within sex’ nested-factor as a between- 
subjects error term.
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Results
Inter-Annual Patterns of Juvenile Hormone At the Onset of Reproductive Season
Average JH titers of nonbreeding males and females, sampled when they first 
emerged at the onset of each reproductive season (summer 2001-2003), are shown in 
Figure 2.1. There were no statistically significant differences between mean JH titers of 
males and females for any given year that beetles were sampled (Fi,55=0.01, p=0.9). 
However inter-annual changes in JH differed between males and females. While there 
were no differences between mean JH titers of males over the 3 years (F2,27=0.89, p=0.4), 
in females mean JH titers were significantly higher in 2002 than in 2001 (F2i26=4.24, 
p=0.02). In fact there was a strong trend in larger variation in female JH titers in 2002 
compared to 2001 (F test; Fg,9=0.35, p=0.07). There were no significant differences 
between mean JH titers of females in 2002 vs 2003 (F2,26=4.24, p= 0.49).
Juvenile Hormone and of Male-Female Pairs During Breeding
Hormone profiles of repeatedly sampled males and females, prebreeding and 
during the first 3 days of care (first, second and third instars) are presented in Figure 2.2. 
Changes in JH titers of individual male-female pairs are presented in Figure 2.3. As 
expected, before the pairs were allowed to breed (prebreeding), JH titers of males and 
females were similar. When broods hatched, JH titers increased in both males and 
females and were high during the first 2 days of parental care (first and second instars). 
JH levels dropped to baseline levels on the third day of care, when larvae reached final 
molt (third instars). However, JH titers of females were significantly higher both on the
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day larvae hatched (first instars) (Fi;ig=27.46; p<0.001) and after 24 h of care, at the time 
larvae molted to second instars (FU8=14.23; p<0.001) than those of males, as anticipated 
(Panaitof et al., 2004; Chapter I). Females had on average 5- fold higher JH levels than 
males during the first 2 days of parental care but were only twice as high as those of 
males on the third day of care. There was however no correlation between hormone 
levels prebreeding and during the first day of care for either males (r2= 0.27, p=0.4) or 
females (r2=0.03, p=0.9). Since any effects due to multiple sampling (e.g., as a result of 
stress or reduced hemolymph volume during sample collection) would overlap with the 
anticipated rise in JH from prebreeding to breeding levels during the first 3 days of care, 
it was not possible to discern the effects of repeated sampling from those due to temporal 
changes in JH expected to occur during this period. However the general outline of these 
hormone profiles closely approximated that of JH profiles established by sampling males 
and females only once (Panaitof et al., 2004; Chapter I). There was also no intra-pair 
effect on JH titers of males and females during the first three days of care (F9j4o=1 .05, 
p=0.41) and no significant ‘sex of beetle x pair’ interaction (F9j40=1.18, p=0.33), with JH 
profiles of male and female within most pairs showing dissimilar outlines, after larvae 
hatched (Figure 2.3).
Juvenile Hormone Changes During the First 12 h of Parental Care
Average JH titers of male and female parents, measured every 3 h for the first 12 
h of care, are presented in Figure 2.4. As expected for this day in the parental care stage 
(first instars), females had significantly higher JH than males, at either o f the four 
sampling times (F i,6=10.66, p=0.01). During the first 12 h of care, JH titers of females
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were on average 17-fold higher than those of males. There was no effect of multiple 
samplings on JH titers of beetles of either sex, as indicated by an insignificant ‘bleeding 
number x sex of beetle’ interaction (F3,i7=0.48, p=0.69).
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Discussion
This chapter has focused on potential sources for variation in JH titers in burying 
beetles, both prebreeding and during a breeding cycle. First, I investigated annual 
differences in patterns of JH secretion. At the onset of a reproductive season, during the 
period of sexual maturation, beetles are expected to have low JH (Trumbo et al., 1995). 
However inter-individual differences in JH titers in nonbreeding, sexually mature beetles 
may exist (Chapter I). Moreover, upon capture a beetle’s reproductive history can not be 
usually confidently inferred (reproductive status of females can be assessed based on the 
stage of ovarian development and presence of viable sperm in the spermatheca, an organ 
where sperm from previous matings is stored). N. orbicollis are multivoltine (breed 
multiple times) during a reproductive season which lasts June-August (Scott, 1998). At 
the end of a breeding season, newly eclosed adults of the year overwinter in soil and 
emerge the next year in late May or June, depending on the outside temperature. In colder 
NH summers, beetles eclose early June (personal observation). Although most wild- 
caught beetles are expected to be young eclosed at the end of the breeding season of the 
previous summer and not to have bred, a few could be 2 year-old or 1 year-old beetles 
that did attempt to breed. After emergence, beetles search for food which they usually 
share with other carrion insects at larger feeding aggregations. However, soon after they 
reach reproductive competence, beetles start searching for carcasses (Wilson and 
Knollenberg, 1984) and can be difficult to trap once they started breeding and concealing 
carcasses.
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An inter-annual comparison of baseline JH levels of wild caught male and female 
provided information about patterns of hormone secretions that could reflect influences 
of both environmental factors and perhaps a beetle’s previous reproductive history. As 
expected, JH was low in beetles at the onset of a reproductive season and overall 
prebreeding levels varied little between 2001 and 2003 (Figure 2.1). However in females, 
I found in one instance, a strong trend for larger intra-annual variation in hormone levels 
(e.g., late May 2002 vs early June 2001), and only slight inter-annual variation across the 
3 years that data were collected. A possible explanation for the larger variation in female 
JH in the summer of 2002 may take into account differences in the reproductive histories 
of these females at the time of capture. Some females with unusually high JH may have 
been 2 year-old females that had bred the previous year and may have had increased rates 
of JH secretion as a result. Other causes could involve the possibility of diurnal variation 
in JH due to the differences in the sampling times (hemolymph was collected at noon in 
2002 versus at dusk, either at 6 or 8 pm, in 2001 and 2003, respectively). However 
another experiment provided conflicting evidence for this hypothesis, in indicating that at 
least during brood care, JH titers show little daily variation (Figure 2.4).
In Chapter I, hormone profiles of breeding individuals demonstrated that JH rises 
sharply at the time larvae hatch and it is high on the days of most intense parental care. 
However there was considerable variation in JH titers of beetles of either sex, with some 
individuals having either very high (usually paired females and single males) or very low 
(mostly paired males) JH. To explain some of the variation in hormone levels during a 
breeding bout, especially during the parental care, I investigated how JH changes in 
individual male-female pairs from prebreeding through the stages of brood care. JH
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profiles in Chapter I represented changes in the average hormonal levels of breeding 
males or females sampled only once. By measuring changes in JH titers of individual 
beetles, I was able to compare male and female individual (repeatedly sampled) and 
average (singly sampled) JH profiles during a breeding bout. Prebreeding JH titers of 
individual males and females approximated the average hormone levels established in 
Chapter I. During the first 3 days of care, changes in JH titers of individual males and 
females had a similar outline to that of JH profiles established in Chapter I. This indicates 
that JH breeding profiles established in Chapter I were a reliable approximation of 
hormonal changes of individual male and female beetles. Moreover the lack of 
correlation between prebreeding hormone levels and those measured during the first day 
of care suggests that baseline level of JH does not predict the amplitude o f the rise in JH 
that accompanies the switch from nonbreeding (nonparental) to caregiving state. The lack 
of an intra-pair effect on JH of male and female within each pair further suggested that 
behavioral synchronization during a breeding cycle may not be accompanied by matching 
hormone levels.
I also investigated how JH titers change in individual breeding male and female 
beetles during the first 12 h of parental care by repeatedly measuring hormone levels 
every 3 h after beetles accepted larvae. Male and female JH titers during the first 12 h of 
care showed little variation. Moreover repeated collection of hemolypmh (which might 
have resulted in stress or decreased hemolymph volume) did not seem to  affect JH titers 
of beetles of either sex. This suggested that there may be little diurnal variation in JH 
secretion in burying beetles, as well as little effect or repeated handling on hormone titers. 
In Chapter I, I showed that in females, JH is high on the first day o f care and continues to
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rise on the second day to even higher hormone levels, reflecting a peak in the intensity of 
parental care, presumably as a response to increased stimulation from larvae. Since there 
was not a lot of variation in JH during these first 12 h of care, this reopens the question of 
whether the rise in JH at the time larvae hatch anticipates the onset of care or it is a 
consequence of prolonged contact with or experience o f feeding larvae. In paired males, 
JH titers were shown to decline after larvae hatch (Panaitof et al., 2004; Chapter I). In 
this experiment paired males had low JH resulting in very small changes in hormone 
levels after 12 h of care.
There are a number of ways in which knowledge of how environmental factors 
impact reproductive physiology of burying beetles can be important. First, very little is 
known o f the existence of daily or seasonal variation in JH secretion in insects. Burying 
beetles undergo cyclical bouts of reproduction during a reproductive season and to breed, 
they rely on a resource that is unpredictable in both tim e and space. In the light of the 
dramatic changes in JH during a breeding bout, it would be useful to know if  recurring 
physiological changes are orchestrated based on a beetle’s previous reproductive history.
At the same time, more studies of ecologically relevant questions o f JH patterns in 
burying beetles are needed, especially in the context o f the complex pattern of parental 
care, from cooperative breeding to brood parasitism in the genus Nicrophorus. N. 
orbicollis evolved the most advanced caregiving repertory, and comparisons of JH 
profiles across species with different ecological adaptations and patterns of care could be 
extremely informative in understanding how such behavioral plasticity may be related to 
the ecology of each species.
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Naturalistic studies of the reproductive physiology of vertebrates, particularly that 
of birds, have revealed that based on the ecology of a species, there can be extensive 
variation in the patterns of reproductive hormones both spatially, across environments 
(e.g., temperate vs tropical latitudes), and temporally, outside of or during a breeding 
season (Wingfield et al., 1990). However studies of such ecophysiological variation in 
hormone levels are rare in insects, with some exceptions. In the honey bee, Apis mellifera, 
hemolymph JH titer is known to increase with age during normal behavioral development. 
Around 3 week-old, bee workers switch from exclusively in-hive tasks (brood care) as 
nurses to out-of-hive tasks as foragers. Foraging is associated with high JH while nursing 
is underscored by low JH. JH titers also differ seasonally; in late fall, when all bees 
perform the same in-hive tasks, foragers experience a decline in JH, while in late spring 
when bees start to divide their tasks, hemolymph JH levels of foragers begin to rise again 
(Huang and Robinson, 1995). M oreover there can be considerable intra-colonial variation 
even among same-age bees specializing in different tasks (Huang et al., 1994), as well as 
inter-colonial variation in JH titers o f  honey bee workers. Inter-colonial differences were 
not explained by behavioral measures (e.g., colony-level aggressiveness) and appeared to 
have a genetic basis (Pearce et al., 2001).
In addition, JH titers of foragers show significant diurnal variation (Elekonich et 
al., 2001). Studies of photoperiod-dependent, daily cycles of reproductive hormone 
secretion are abundant in birds and mammals, as it has been demonstrated w ith the 
breeding patterns of prolactin and testosterone (Adkins-Regan, 2005). In insects, few 
studies have investigated the relationship between hormones and reproductive behavior in 
the context of natural variation in  hormone levels due to daily (circadian), seasonal or
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annual patterns o f  JH secretion. Although it has long been inferred that in long-lived 
insects, adult behavioral rhythms appear organized around the cycle o f reproduction, little 
is known about their physiological underpinnings. However recent evidence is 
accumulating about the role of JH as a circadian organizer of both developmental and 
reproductive events (Steele and Vafopoulou, 2002). Many reproductive behaviors 
(courtship, m ating, oviposition) are now thought be controlled by possible JH-mediated 
rhythmicity in the central (brain) responses to various stimuli. The responses of male 
Agrotis ipsilon to  female pheromones follow a daily rhythm (Gemeno and Haynes, 2000) 
and appear m ediated by JH (Gadenne et al., 1993). The rhythm of stridulation during 
courtship in m ales o f the cricket Acheta domesticus, also shows a daily pattern (Renee et 
al., 1988). In honey bee workers (A. mellifera), JH titers o f foragers (workers performing 
exclusive out-of-hive activities) can show significant diurnal variation (Elekonich et al., 
2001). In the wing-polymorphic cricket, Gryllusfirmus, a diurnal cycle in the rate of JH 
biosynthesis w as also demonstrated (Zhao and Zera, 2004). Thus circadian control of JH 
secretion may be  an important source of variation of hemolymph JH in insects, both 
during developmental and reproductive events and just as in the case with vertebrates, a 
good understanding of the natural variation (diurnal, seasonal) in reproductive hormone 
patterns in insects may be equally important for understanding the biological effects of 
these hormones in insect reproduction.
In burying beetles, most of the ecological and evolutionary factors responsible for 
their striking behavioral adaptations have been unraveled (Scott, 1998; Eggert and Muller, 
1997). It would be equally important to further explore the physiology of their natural 
patterns of care as well as the endocrine bases of variation in these patterns. The unique
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features of reproduction in N. orbicollis will remain an important tool in assessing the 
interplay between environmental, social and physiological factors in the regulation of 
reproduction in an insect with elaborate pattern o f care.
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Figure 2.1
Inter-annual variation in JH. Bars represent baseline JH titers of nonbreeding males (gray) 
and females (white) during the summers of 2001, 2002 and 2003. Beetles were 
presumably newly emerged, sexually mature adults. The back-transformed means ± SE 
of log transformed data are shown. Sample sizes are indicated at each time point.
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Figure 2.2.
JH profiles of repeatedly sampled breeding males and females. Back-transformed means 
± SE of log transformed data, representing JH titers of repeatedly-sampled males (black 
diamonds) and females (white squares), are shown at each stage. Samples were taken 
prebreeding and on the first 3 days of care (First, Second and Third instars). Statistically 
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Figure 2.3
Individual changes in JH of breeding male-female pairs. Beetles were sampled before 
breeding and on each day of care (1-Prebreeding, 2-First Instars, 3-Second Instars and 4- 
Third Instars). To allow for same-scale representation and comparison of individual 
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Figure 2.4
Changes in individual JH during the first 12 h of care. Back-transformed means ± SE of 
log transformed JH titers of males (black diamonds) and females (white squares) are 
shown. Beetles were sampled every 3 h after acceptance of larvae for the first 12 h of 
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CHAPTER m
JUVENILE HORMONE AND PARENTAL RESPONSIVENESS OF 
SINGLE MALE BURYING BEETLES
Abstract
Burying beetles have extended biparental care. They bury and prepare small 
vertebrate carcasses as food for the young. Juvenile Hormone (JH) is the main insect 
gonadotropin and regulator of reproductive behavior. In burying beetles, JH is high 
during care. It is not however clear if a prehatch increase in JH is necessary for the 
expression of parental behavior. Here, I tested parental responsiveness and measured JH 
titers in various contexts o f caregiving. Some single males were given larvae 48 h or 24 h 
prehatch and 48 h or 24 h later respectively, when broods hatched. Prehatch, single males 
rejected (killed) larvae but at larval hatching they accepted (fed) larvae. Between 
rejecting and accepting larvae, JH titers of single males increased. However only single 
males first tested 24 h prehatch experienced a statistically significant rise in JH. Other 
single males that failed to provide care at the time their broods hatched had significantly 
depressed JH. To test the effects of young larvae, some single males were allowed to 
provide for an original brood for 24 h, after which their larvae were exchanged every 24 
h for newly hatched larvae in two brood replacements. After 3 days of care, JH of
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manipulated single males that were repeatedly exposed to young larvae, stayed elevated 
while JH o f control males that were allowed to provide for the original brood for 3 days 
without intervention, plummeted to prebreeding levels. Finally, lowering JH  with 
fluvastatin, a JH antagonist, had no effect on either the initiation or maintenance of care 
in both male-female pairs and single males. These results suggest that w hile stimuli from 
young may represent important cues for the initiation and maintenance o f paternal 
behavior, high hormone titers are not a prerequisite to the onset of brood care in burying 
beetles.
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Introduction
Burying beetles, Nicrophorus orbicollis, are alm ost unique among insects in 
having evolved facultative biparental care and therefore provide an excellent opportunity 
to explore both the evolution and mechanisms of male parental care. They reproduce on 
small vertebrate carcasses that they prepare and feed to their young (Pukowski, 1933). 
Upon discovery, the carcass is quickly concealed under ground, fur or feathers removed 
and the carcass rolled into a carrion ball. Within 24 h following carcass discovery, the 
female lays eggs in the soil nearby and 3.5 days later altricial (defenseless) larvae hatch 
and make their way to the carcass. Larvae of N. orbicollis are completely dependent on 
parental feeding for the first 1-2 days posthatching (Trumbo, 1992); they ‘beg ’ and are 
fed, usually by both parents, regurgitated predigested food. Before and during larval care, 
both male and female also work incessantly to delay carcass decomposition and to 
maintain the ‘nest’ (Pukowski, 1933). Larvae grow very fast and molt from newly 
hatched larvae (first instars) to second instars in 24 h and to third instars in another 24 h. 
The last larval stage lasts until development is complete, 6-8 d posthatching.
There appears to be little specialization in the m ale and female roles in the 
parental repertoire of burying beetles (Pukowski, 1933; Halffter et al., 1983, Fetherston et 
al., 1990 but see Trumbo, 2006) in that a pair o f beetles will cooperate in performing the 
same parental tasks involving the burial of the carcass, feeding larvae and maintaining the 
carrion ball. However there is an asymmetry in the tim e budgets allocated by the two 
sexes to performing common parental duties. Females perfonn more feedings than males 
(Fetherston et al., 1990; Rauter and Moore, 2004) and stay with larvae until larval
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development is complete, while males are the first to leave the brood, after about 3 days 
of paternal care. It is argued that the m ain benefit of male care in N. orbicollis is to 
defend the carcass and the brood against infanticidal intraders (Scott, 1989; Trumbo, 
1990). In the absence of a mate, it is common for females to raise their broods alone since 
they can store sperm for a considerable time, until a carcass is found. Males need a 
female to produce a brood and as a consequence, when discovering a carcass alone, they 
will have to delay breeding until a m ate is found. After a carcass is successfully prepared 
and oviposition completed, males can also successfully raise a brood as single parents, in 
the event that their mate dies, in the wild, or is removed, in the lab. Moreover there is 
little change in female behavior whether she is a paired or a single parent since females 
provide most of the care (Fetherston et al., 1990; Rauter and Moore, 2004; Smiseth et al., 
2005). However in the absence of a mate, single males increase both the rates of larval 
feeding and the overall amount of tim e spent with larvae to match those of females 
(Fetherston et al., 1994; Trumbo, 1991). The mate compensation (an increase in effort to 
replace the diminishing or lost contribution of a mate) during parental care (Winkler, 
1987), demonstrated by single male N. orbicollis, appears to be unique among 
invertebrates. Moreover this plasticity in parental behavior is underscored by important 
hormonal changes during care. In insects, Juvenile Hormone (JH) represents the major 
gonadotropin and regulator of reproductive behavior (Koeppe et al., 1985; Nijhout, 1994). 
Single male burying beetles have significantly higher JH than paired males during the 
days of most intense larval care and their JH profiles at this stage match those of females 
(Panaitof et al., 2004; Chapter I). How ever little is known o f how social and 
physiological cues interact to orchestrate the reproductive plasticity of single males.
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Another intriguing feature of parental care in burying beetles is represented by the 
finely tuned mechanism of switching from nonparental (infanticidal) to parental behavior, 
shortly before larvae are expected to make their way to the carcass. On the days 
preceding larval hatching, both male and female cannibalize larvae, presumably because 
of their early arrival on the carcass. At the expected time of larval hatching (3.5 days post 
oviposition) they undergo a dramatic shift in behavior and start feeding larvae. Ninety 
percent of females switch from nonparental to parental 8-0 h before their own larvae 
hatch. Male acceptance appears to be timed less accurately, such that 50% accept larvae 
before 8 h (Figure 3.1). Larvae that make their way on the carcass 1 or 2 days after the 
expected hatching time are also cannibalized. It is argued that in burying beetles this 
adaptation serves as an indirect mechanism of parent-offspring recognition (Muller and 
Eggert, 1990), allowing parents to discern their offspring from that of conspecifics 
attempting to parasitize their brood. W hile it is not clear what mechanism burying beetles 
employ to precisely time larval hatching, it is clear that cues from newly hatched and 
developing young are very important to the initiation and maintenance of brood care. N. 
orbicollis parents are known to cannibalize small broods (e.g., when only few larvae 
hatch) so that they can produce a larger replacement brood. In addition, some parents do 
not accept larvae even when they arrive at ‘the right time’ indicating that, if  such an 
endogenous mechanism does exist, it can be fallible.
The importance of the interaction between environmental and social factors, such 
as critical cues from  mate and young in the regulation of reproduction in burying beetles 
resonates particularly well with the well-studied aspects of reproductive behavior in 
vertebrates (Lehrman, 1965; Crews, 1975). Here, the interaction between hormones and
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reproductive behavior has been explored extensively (Buntin, 1996; Rosenblatt, 1992; 
Wingfield et al., 1990; Wynne-Edwards and Rebum, 2000). In birds, especially in the 
case of ring doves, Streptopelia risoria, the behavioral transitions associated with 
breeding, including courtship and parental care (from nest building to egg incubation and 
chick feeding) and their hormonal correlates have been well-established (Lehrman, 1965; 
Buntin, 1996). The effects of social stimuli on the onset, duration and termination of 
parental behaviors, as well as the hormonal changes that may orchestrate them have also 
been well-documented in some mammals (Brown, 1993; Rebum and Wynne-Edwards, 
1999). However in insects, our knowledge of the physiological mechanisms that mediate 
parental care is much more limited (Trumbo, 1996; 2002). Among insects, burying 
beetles possess unique, vertebrate-like features of reproductive and parental repertoire, as 
evidenced by the well-orchestrated behavioral switches from nonparental to parental 
states and the behavioral plasticity of single males during care.
In this chapter, I focused on some possible mechanisms for controlling the onset 
of paternal behavior. Since behavioral plasticity of single males during care was 
correlated with dramatic hormonal changes (Panaitof et al., 2004; Chapter I), I 
hypothesized that JH is responsible for orchestrating the behavioral shift from 
nonparental to parental behavior. JH could specifically serve to modulate paternal 
responsiveness by acting on neural substrates responsible for the switch in parental 
receptivity at the time larvae hatch. First, I tested this hypothesis by altering the context 
of caregiving in several experiments, scoring paternal responsiveness to newly hatched 
larvae (as reject or accept larvae) and measuring JH after each behavioral trial. In a set of 
experiments some single males were given larvae either 48 h or 24 h prehatch and at the
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time their own broods hatched (48 h or 24 h later) while other single males were provided 
with larvae only at the time their own larvae hatched. I also manipulated paternal 
responsiveness to larvae using a paradigm of protracted care, by repeatedly providing 
other single males with newly hatched, unfed larvae to care for, every 24 h, for the first 3 
days o f care. JH titers of manipulated single males were compared to those of control 
single males, which were allowed to care for the original brood for 3 days. I then tested 
the hypothesis that JH mediates parental care by treating paired males and females, and 
single males with fluvastatin, a potent JH antagonist, on the day broods hatched. I 
predicted that lowering JH before beetles were provided with larvae would prevent them 
from accepting young or would interfere with care. Finally, I discuss the role of JH in 
mediating parental care in burying beetles either in the manner of a ‘behavioral 
pacemaker’ (Robinson and Vargo, 1997) or in association with other neuromodulators.
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Methods
General Rearing and Breeding Conditions
Beetles were laboratory-reared offspring of wild-caught individuals, captured in 
Durham, NH in June 2003 and June 2004. Animals were kept on a 14L:10D cycle and 
fed a mixed diet of beef kidney and mealworms ad libitum. Beetles were sexually mature 
at the time of the experiments (21-45 day-old). Pairs of beetles were provided with a mate 
and a carcass in a clear plastic box of soil at lights-off. Soil was monitored daily for the 
presence of eggs and the start of oviposition was recorded. At the end of oviposition 
(usually 48 h after carcass discovery) eggs were removed from each box, placed on damp 
paper towels in a covered Petri dish and monitored daily until larvae hatched. Single 
males were created by removing the female partner usually 2 days before larvae were 
expected to hatch. Following removal of female, widowed males and prepared carcass 
were transferred in a new box of fresh soil as a precaution against exposing single males 
to larvae hatching from any eggs still present in the old soil. At the same time, when 
needed, separate series o f broods were set up following a similar breeding protocol to 
generate larvae for behavioral trials. Each batch of newly hatched larvae consisted o f 
larvae mixed from all synchronously hatching broods. After each behavioral trial beetles 
were bled by puncturing the intersegmental neck membrane and applying a calibrated 
microcapillary to the wound. Hemolymph samples (5-10 pi, usually 10 pi) were 
processed and JH extracted and quantified by RIA as described in Chapter I. Data were 
log-transformed prior to statistical analysis by single factor or multifactorial (where noted) 
ANOVAs (a=0.05) and were performed using GLM in Systat.
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Parental Responsiveness and JH of Single Males Before and After Larvae Hatch
In this experiment, I investigated whether low hormone levels are responsible for 
rejection of larvae outside of the parental receptivity window (Figure 3.1) and whether an 
increase in JH is required for the expression of parental behavior on the day broods hatch. 
At a time in the breeding cycle when I expected JH to be lower than during brood care 
(48 h and 24 h respectively, before the expected time of larval hatching), I measured JH 
and tested paternal responsiveness by providing each single male with 10 newly hatched, 
unfed larvae (first instars). On day 5 of the breeding cycle, when original broods hatched, 
single males were tested with larvae and bled again. Thus, single males first tested 48 h 
(day 3) prehatch (N=9) and single males first tested 24 h (day 4) prehatch (N=9) that 
rejected larvae were presented with larvae again 48 h and 24 h later, respectively.
On both trials, male behavior was monitored for 15 min immediately following 
contact with larvae, to determine whether rejection (infanticide) or acceptance (feeding) 
of larvae occurred. Following interaction with larvae, rejection behavior was scored as 
consuming or pushing larvae away from the carcass while acceptance was confirmed 
when male was observed feeding larvae or increasing his carcass maintenance activities 
in the immediate proximity of larvae. To determine JH titers, one hour following contact 
with larvae, a hemolymph sample was taken from each male for RIA. To compare JH 
titers between the two groups of single males, as well as within each group, time (48 h or 
24 h), sample (first and second) and individual beetle were used as main factors. To test 
for the effect of time (48 h vs 24 h measurements) on JH titers, an ‘individual beetle 
(time)’ nested factor was included in the statistical analysis; the effect o f multiple
62
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
sampling within each group (first and second sample), was tested with a ‘time x sample’ 
interaction.
Parental Responsiveness and .TH of Single Males on the Day Larvae Hatch
To compare JH of single males that accepted larvae to hormone levels of single 
males that committed infanticide, on the day larvae hatched single males (N=27) were 
each provided with 10 unfed larvae to care for. M ale behavior was observed for 15 min 
and scored as ‘accept larvae’ if the male was seen feeding larvae or ‘reject larvae’ if he 
was seen consuming larvae or pushing them away from the carcass. A hemolymph 
sample for RIA was taken from single males following the 15 min observation. In order 
to obtain a sufficient number of infanticidal single males, data on single males that either 
rejected or accepted larvae were pooled from different experiments. Commonly, for 
every 15 breeding pairs, there could be up to 2-3 single males that reject their own larvae 
(personal observation).
Parental Responsiveness and .TH of Single Males Whose Broods Were Repeatedly 
Replaced
To examine the effect of stimuli from young larvae on JH, on the day broods 
hatched, each single male (N=5) received 10 newly hatched, unfed larvae (original brood). 
The behavior of each single male was observed for 15 min to confirm that he has 
accepted (fed) larvae. Twenty-four hours later his larvae were removed and replaced with 
a new brood of 10 newly hatched larvae (first replacement brood). These larvae were 
replaced again 24 h later (second replacement brood). Hemolymph samples were
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collected from each single male 1 h after confirming acceptance of larvae in both the 
original (day 1) and the two replacement broods (day 2 and 3). Additional hemolymph 
samples were collected after larvae of second replacement brood molted to second (day 4) 
and third instars (day 5), respectively. Following each 24 h of care, the number of larvae 
found on each carcass was counted and brood mass weighed for each manipulated single 
male. Control single males (N=3) were similarly created but were allowed to 
uninterruptedly raise a normally aging brood. They were bled every 24 h over the first 3 
days o f care. To compare hormonal changes in manipulated and control beetles during 
brood care, as well as possible effect of multiple sampling, statistical analysis included 
the following independent factors: treatment (manipulated or control), sample (one, two 
and three) and individual beetle.
Effect of .TH Inhibitor Treatment on Parental Behavior
To test the effect of low JH titers on the expression of parental behavior both 
male-female pairs and single males were treated with the JH inhibitor fluvastatin. At the 
time larvae hatched a hemolymph sample was collected from the male and female in each 
pair. One fluvastatin (a JH antagonist) injection was immediately administered (40 
pg/beetle in a total volume of 2 pi saline) to each individual. Each pair of beetles was 
shortly after provided with 15 larvae to care for. Following contact with larvae, the 
behavior of the male and female was monitored for 15 min to determine if acceptance or 
rejection of larvae occurred. To that effect several behaviors were scored: feeding larvae 
(parental regurgitation of food), carrion processing (walking on the carcass while 
chewing or removing debris and spreading anal secretions onto its surface), walking
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(exploring the soil around the brood chamber) and resting (sitting by the carcass). Once 
beetles accepted larvae, each pair was monitored every 30 min for the next 3 h to detect 
any changes in behavior towards larvae. Three hours after larvae were placed on the 
carcass, another hemolymph sample was collected from all beetles. Previous tests 
confirmed that at the appropriate dose, fluvastatin had low systemic toxicity in beetles as 
indicated by high survival rates and its inhibitory effect on corpora allata was reversible 
(Panaitof, unpublished data). Fluvastatin was a generous gift from Novartis.
To maintain low JH titers for a longer period, single males were treated with 
fluvastatin twice. Fifteen hours and 3 h respectively, before broods hatched, each single 
male (N=10) received a fluvastatin injection (40 pg/beetle in a total volume of 2 pi 
saline). When larvae hatched, each single male received 15 larvae to care for. Male 
behavior was randomly monitored for 1 h to determine whether he initiated and 
maintained brood care. Four hemolymph samples were collected from each single male 
as follows: before the first fluvastatin injection, 12 h after the first fluvastatin injection (at 
the time the second fluvastatin injection was administered), 5 h after larvae hatched and 9 
h after larvae hatched. Multiple samplings (repeated bleedings) of beetles before and after 
the fluvastatin treatments were not expected to affect JH titers (see Chapter II).
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Results
Parental Responsiveness of Single Males Before and After Larvae Hatch
Most single males rejected larvae at either 48 h or 24 h before their larvae hatch, 
and all single males that rejected larvae prehatch accepted broods presented to them 48 h 
or 24 h later, at the time their own larvae hatched. JH titers of single males after each 
behavioral trial to test parental response to larvae (reject or accept larvae) are presented in 
Figure 3.2. There was an overall significant effect of time on JH titers (Fi>i5=5.15, p=0.03) 
of single males in the two groups. JH titers of single males that first rejected larvae at 
either 48 h or 24 h prehatch were lower than at the time they accepted larvae, 48 h or 24 h 
later. However this increase in JH was statistically significant only for single males first 
tested 24 h prehatch (F ij6=6.0, p=0.02), as opposed to single males first tested 48 h 
prehatch (Fi>i5=1.15, p=0.3). At the time single males accepted larvae (day 5) there were 
also significant differences between JH titers of single males first tested at 48 h and those 
of single males tested at 24 h (Fi,i5=6.69, p=0.02) but no differences in JH titers between 
these males at the time they rejected larvae, 48 h (day 3) or 24 h (day 4) prehatch 
(Fi, 15=2.05, p=0.17). There were no significant differences in JH titers due to multiple 
sampling (Fi5,i5=1.74, p=0.14) and no significant effect of ‘time x sample’ interaction on 
hormone levels of single males in the two groups (Fi,is=0.5; p=0.47).
Several single males accepted larvae at either 48 h (N =l) or 24 h (N=5) prehatch 
and were not included in data analysis of Figure 3.2. These males were bled both at the 
time they accepted larvae and after 48 h and 24 h o f care, respectively. There was large 
variation in JH titers of single males that accepted larvae 24 h prehatch (no such analysis
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was possible for the single male that accepted larvae 48 h). Average JH titers of single 
males that accepted larvae at 24 h prehatch were 5260 ±1501 ng/ml (mean ± SE) at the 
time they accepted larvae and 7291± 2847 ng/ml (mean ± SE), after 24 h of care. A 
comparison of JH titers of single males that accepted larvae 24 h prehatch and single 
males that rejected larvae 24 h prehatch revealed no statistically significant differences 
(F3,24=1.5, p=0.23).
Parental Responsiveness of Single Males on the Day Larvae Hatch
To create an adequate sample size of infanticidal single males, single males that 
rejected or accepted larvae on the day broods hatched were pooled from different 
experiments. At larval hatching, most single males (N=18) accepted their broods. A third 
(N=9) of all the single males created in these experiments rejected larvae. JH titers of 
single males that either rejected or accepted larvae on the day their larvae hatched are 
presented in Figure 3.3. At the time they were provided with larvae, single males that 
accepted larvae had high JH as opposed to infanticidal single males that had significantly 
depressed JH (Fi>25=39.6, p<0.001).
Parental Responsiveness of Single Males Caring for Replacement Broods
All single males (N=5) accepted larvae both on the first day of paternal care 
(original brood) and after each brood replacement, on the second and third day of 
paternal care (first and second replacement brood, respectively). W ith each replacement 
brood, single males were behaving as good parents, as indicated by the high survival of 
larvae and total mass of brood as a measure of parental effort (Table 3.1). Newly hatched
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larvae weigh about 3 mg each and in 24 h mass of brood increased 5-fold. After 24 h of 
care for each replacement brood, survival of larvae appeared to decrease slightly (Table 
3.1). This decrease was however due to one of the single males having an abrupt decrease 
in survival of larvae after the second brood replacement (only one larva was found on the 
carcass). Control single males (N=3) were not disturbed and were allowed to care for the 
original brood for 3 days.
JH titers of manipulated single males that were provided with replacement broods 
to care for and those of control (undisturbed) single males are presented in Figure 3.4. In 
control single males, JH was high for the first 2 days of care but dropped abruptly when 
larvae reached final molt on day 3 (Panaitof et al., 2004; Chapter I). After each 24 h of 
care, following the first and second brood replacement, JH titers of manipulated single 
males stayed elevated and were much higher than JH titers of control single males on day 
3 of care, albeit not significantly so (Fi,6=4.9, p=0.06) (Figure 3.4). Overall, there was no 
significant effect of treatment (manipulated vs control) on JH titers (Fi;6=0.99, p=0.35), 
when using ‘individual beetle (treatment)’ as a between subjects factor. There appeared 
to be a significant effect of ‘sample x treatment’ interaction on JH titers of single males. 
However in this experiment the effect of multiple bleedings (sample number) was 
confounded in the effect of brood care stage on JH titers (sample number and stage of 
brood care coincided). Tukey tests for unplanned comparisons reveled that on day 3 this 
interaction was significantly higher in manipulated single males than in control single 
males (F2,i2=8.51, p=0.007).
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Effect of .TH Inhibitor Treatment on Parental Behavior
Following contact with newly hatched larvae, all beetle pairs (N=6) accepted 
larvae. Parental activities performed by males and females during the first 15 min of 
behavioral observation after larvae were placed on the carcass are detailed in Table 3.2. 
During this period, most females (83%) were engaged in larval feeding while most males 
(50%) performed carrion processing or were resting (33%). JH titers of paired males and 
females before and after the fluvastatin treatment are presented in Figure 3.5. Following 
the fluvastatin treatment, corresponding to 3 h after the onset of parental care, JH titers 
dropped significantly for both males (Fi>io=10.5, p=0.009) and females (Fi,io=l3.63, 
p=0.004), compared to hormonal levels before the treatment.
Following contact with newly hatched larvae, single males (N=10) also accepted 
larvae. Single males continued to feed and care for larvae at both 5 h and 9 h after they 
accepted larvae. Survival of the initial brood of 15 newly hatched larvae, measured after 
24 h of care, was good, 11.1 ± 1.4 (mean ± SE). JH titers of single males before and after 
the fluvastatin treatments, corresponding to the four hemolymph samples taken either 
prehatching or posthatching of larvae, are presented in Figure 3.6. Before the first 
fluvastatin treatment (15 h prehatch), JH titers of single males were high; 12 h later (3 h 
prehatch), right before the second fluvastatin treatment, JH titers had dropped 
significantly (F3,36= 2.99, p=0.02). Following the second fluvastatin treatment and after 
larval hatching, JH titers began to slowly rise to levels that were not significantly lower at 
either 5 h (F3,36= 2.99, p=0.25) or 9 h posthatch (F3,36= 2.99, p=0.46) than JH titers 
measured before the first fluvastatin treatment.
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Discussion
In this chapter, I explored the relationship between JH and paternal care by 
manipulating (behaviorally and physiologically) the context of caregiving and testing 
parental responsiveness (rejection or acceptance of larvae) of single male N. orbicollis. 
One major hypothesis has been that JH mediates parental care in burying beetles by 
priming the brain to respond to young, prior to hatching of larvae. A low JH titer would 
thus adversely affect parental responsiveness and prevent single males from accepting 
larvae outside the parental receptivity window (starting 8 h before the expected time of 
larval hatching; Figure 3.1). At the same time, an increase in JH prior to larval hatching 
could act as a physiological threshold in the initiation of care. Preventing this rise in JH 
would therefore suppress or interfere with care at the time single males receive larvae.
First, I tested the response of single males to larvae before their own broods had 
hatched, coinciding with a time in the breeding cycle, when I previously determined that 
JH was much lower than during the caregiving stage (Panaitof et al., 2004; Chapter I). 
Most single males tested 48 h or 24 h prehatch rejected larvae, as expected. At the time 
their broods hatched, 48 h or 24 h later, they accepted larvae. Between the times they 
rejected and later on accepted larvae, JH titers of single males increased. However this 
increase was significant only for single males tested 24 h prehatch. Single males tested 48 
h prehatch appeared to have failed to undergo as large a surge in JH prior to larval 
hatching. In fact, single males that were first tested at 48 h prehatch had significantly 
lower JH at larval hatching than single males first exposed to larvae 24 h prehatch. This 
could imply that perhaps an early contact with larvae by single males tested 48 h prehatch
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could have accelerated brain changes affecting parental responsiveness and rending an 
increase in JH of the same amplitude as that experienced by single males tested 24 h 
prehatch unnecessary. On the other hand, it would be equally tempting to speculate that 
single males first tested 24 h prehatch were already ‘committed’ to this increase in JH 
and an early contact with larvae did not affect the surge in JH prior to hatching of their 
broods. However the same argument can not be used to explain why parents maintain 
high JH after larvae hatch and during the most intense days of caregiving.
A more plausible, alternative explanation would rely on intrinsic differences in 
the physiology (JH secretion) of single males in the two groups. While it was not unusual 
that single males first tested 48 h prehatch (day 3) had lower JH than single males first 
tested 24 h prehatch (day 4) when they rejected larvae (4050 vs 6117 ng/ml, respectively), 
as it is expected for hormone levels to continue to rise on the days before broods hatch 
(Panaitof et ai., 2004, Chapter I), it was surprising to find significant differences in 
hormone levels on the day larvae hatched (day 5 ) , when hormone titers of the two groups 
of single males should have leveled off (5365 vs 9608 ng/ml, respectively). Since some 
single males accepted larvae at either 48 h or 24 h prehatch, it also appears that the 
mechanism of timing larval hatching itself may sometimes fail for some individuals or 
that the urge to breed may, in certain circumstances, take over the safeguard provided by 
this indirect mechanism of paternity assurance. In addition, no significant differences 
were found between JH titers of single males that either rejected or accepted larvae when 
first tested 48 h or 24 h prehatch. This indicates that JH by itself can not reliably predict 
the state of parental responsiveness of an individual.
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I also took advantage of the failure of some single males to provide care at the 
time their broods hatched. This natural variation in paternal behavior allowed me to 
further investigate the link between high JH and the onset of care. Single males that failed 
to recognize their broods and committed infanticide had significantly lower JH titers than 
those of single males that experienced a normal onset of paternal behavior. This striking 
difference in hormonal levels between infanticidal and parental single males further 
supports the previous assumption that an increase in hemolymph JH o f single males 
around the time larvae hatch may have a permissible effect on neural mechanisms 
controlling parental receptivity to stimuli from young. Hormone levels of single males 
that rejected larvae perhaps never changed, suggesting that it was not possible that their 
brain be primed to respond to larvae. However it is not clear how JH could facilitate the 
time-dependent shift from nonparental to parental behavior. In the case o f females, 
treatment with JH analogue before larvae hatch has failed to accelerate the onset of care 
(Scott, personal communication).
To investigate the direct effect of JH on the onset and maintenance o f care in both 
male-female pairs and single males, I manipulated hormonal levels using a powerful JH 
antagonist, fluvastatin. I expected that lowering JH at the time beetles are provided with 
larvae may suppress or interfere with care. Despite a dramatic decrease in JH  titers in 
both paired and single parents, as a result of treatments with the JH antagonist, beetles 
accepted and continued to feed larvae. Under the appropriate conditions, onset of parental 
care could thus be uncoupled from the expected surge in JH. This phenomenon is 
strikingly similar to the induction of maternal behavior in domestic hens. Here, exposure 
to chicks in the absence of high prolactin, is sufficient to induce broodiness in nonlaying
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hens (Richard-Yris, 1987). A possible reason for the persistence of parental behavior, 
despite low JH, may be that once neural structures are prim ed to respond to cues from 
young, this feedback loop may start to override or replace hormonal signals in 
maintaining parental care.
To a certain extent, these experiments support the assumption that JH may 
regulate parental behavior by controlling parental responsiveness to stimuli from young, 
as a physiological threshold. An appropriate increase in JH  early during the breeding 
cycle could release neural mechanisms controlling paternal behavior at the appropriate 
time in a breeding bout. A similar mode of action is supported by the role of JH as a 
‘behavioral pacemaker’ during the behavioral development o f honey bee workers, Apis 
mellifera (Robinson, 1987). In honey bees, JH in combination with the biogenic amine, 
octopamine, can affect the transition from nursing (brood care) to foraging, during 
worker development (Schulz et al., 2002). During behavioral maturation, octopamine is 
also responsible for enhanced learning and memory in foragers, which may act in turn to 
facilitate this behavioral switch (Hammer and Menzel, 1998). However the precise 
mechanism of interaction between such physiological factors and neural structures to 
regulate the age-related division of labor of honey bees is no t yet entirely clear; effects of 
JH to control the behavioral switch from nursing to foraging seem dependent on 
octopamine (Kaatz et al., 1994). In burying beetles, a threshold mechanism of action for 
JH in the onset of parental care would require a similar investigation of the interaction 
between physiological and neuromodulatory effects on neural structures of JH and 
biogenic amines, such as octopamine (see Chapter V).
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Finally, in testing the effects o f increased stimuli from newly hatched larvae 
(presumably increased begging) on single male JH, I altered the pattern of parent- 
offspring interaction. Single males were induced to repeatedly care for unfed, newly 
hatched larvae every 24 h over the first 3 days of care. This intervention specifically 
altered cues related to larval development (age, nutritional state) and allowed me to 
explore their effect on changes in parental effort and JH. Newly hatched, unfed larvae are 
entirely dependent on parental regurgitations of food (Trumbo, 1992). Beetle parents are 
known to respond to brood size and adjust the number of feedings to match the needs of 
their brood (Rauter and Moore, 2004) and JH of single males also responds to brood size 
(Panaitof et al., 2004, Chapter I). In this experiment, parents were expected to respond to 
prolonged begging from larvae, as a result o f being exposed to three sequentially replaced 
broods of newly hatched larvae. They m ay have also responded to other cues signaling a 
delay in normal larval development. In single females, exchanging growing larvae with 
newly hatched, unfed larvae, every 24 h, caused very high JH titers after 3 days of care 
(Scott and Panaitof, 2004). When stimulated to provide longer care, single males appear 
to respond with similar changes in JH, as those experienced by single females. During the 
first 3 days of care, manipulated single males had remarkably elevated JH compared to 
control single males and on day 3, when JH  of control single males plummeted, 
manipulated single males maintained high JH. Thus, changes in JH in control single 
males reflected the expected pattern o f hormone increases and decreases during brood 
care (Chapter I). However single males whose broods were repeatedly replaced during 
the first 3 days of care were expected to increase parental effort, as rates of larval feeding 
are known to peak after the first 24 h o f care, and this coincided with elevated hormone
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titers. At the same time, in control single males, a drop in JH on day 3 reflected the 
expected diminished rates of care (Panaitof et al., 2004; Chapter I). However the lack of a 
significant effect of treatment (manipulated vs control) on JH titers of single males on 
day 3 may be due to small sample sizes.
These results provide further support for the correlation between high JH and 
intensity of parental effort in burying beetles and for the importance of stimuli from 
young in the initiation, maintenance and termination of parental care (see also Chapter I ). 
These findings also suggest a compelling parallel to features of parental behavior in 
vertebrates, where sensory cues from young can be very important for the appropriate 
expression of brood care. In birds, chicks stimuli also provide the basis for the induction 
of parental behavior (Richard-Yris et al., 1983). In some mammals, both social and 
physiological factors m ay influence responsiveness to neonates (Kinsley, 1994).
Overall, these experiments have probed the relationship between JH and parental 
responsiveness in burying beetles. By altering the context of caregiving and hormone 
levels, I focused on mechanisms by which JH could facilitate or interfere with care. 
Changing various properties of stimuli from young (timing of larval hatching, age) and 
manipulating hormonal levels had mixed effects on parental responsiveness. However the 
possibility that JH could act directly (e.g., as a  physiological threshold) or indirectly (e.g., 
via neuromodulatory compounds) to prime or stimulate brain structures to respond to 
appropriate cues from young at appropriate times during a breeding cycle can not be 
excluded. It remains certain that in burying beetles stimuli from young are critical for the 
onset and maintenance o f brood care and that changes in JH are inextricably linked to the 
dramatic behavioral changes they undergo during a breeding bout.
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Table 3.1
Paternal responsiveness of single males caring for sequentially replaced broods. 
Percentage of single males that accepted larvae on day 1 (original brood), day 2 (first 
replacement brood) and day 3 (second replacement brood) o f paternal care are shown. 
After the initial 24 h of care, old larvae were exchanged twice with 10 unfed, newly- 
hatched first instars on day 2 and 3 of care. Mean ± SE of survival of larvae in each brood 
and total brood mass after each 24 h of care are also shown.




Percentage of Single Males 
Accepting Larvae 100% 100% 100%
Survival of Larvae 
(Mean ± SE)
9.4 ± 0.4 8.8 ±0.7 7.4 ±1.6
Brood Mass (mg) 
(Mean ± SE)
166.4 ±18.7 121.96 ±27.5 112.8 ±28.4
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Table 3.2
Parental responsiveness of breeding pairs treated with JH inhibitor. Percentages of males 
and females performing various parental and nonparental activities during the first 15 min 
of behavioral monitoring after their larvae were placed on the carcass are shown. Beetles 
had been previously treated with fluvastatin, a JH antagonist. On first contact with larvae 
all beetles accepted larvae and continued to care for them 3 h after treatment.
Type of activity Feeding larvae Processing carrion Walking Resting
Males 0% 50% 17% 33%
Females 83% 17% 0% 0%
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Figure 3.1.
Prehatch changes in parental responsiveness. Bars represent cumulative percentages of 
females (N=19) (a) and males (N=15) (b) accepting larvae before their own larvae 
hatched. Starting 30 h prehatch, male and female parents were provided with newly 
hatched, unfed larvae, every 4 h, until they accepted them (Scott, unpublished data).
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Figure 3.2
Prehatch changes in JH of single males. Hemolymph samples were collected from single 
males at the time they rejected larvae, either 48 h or 24 h before their larvae hatched 
(white bars), and at the time they accepted larvae, 48 h or 24 h later (black bars). Bars 
represent back-transformed means ± SE of log-transformed data. Sample sizes are shown 
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Figure 3.3
Comparison between JH of infanticidal and parental single males. Bars represent back- 
transformed means ± SE of log-transformed JH titers. Hemolymph samples were taken 
on the day broods hatched, after single males either rejected or accepted larvae. Sample 
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Figure 3.4
Effect of protracted care on JH of single males. Manipulated single males were 
successively provided with newly hatched, unfed larvae (black bars), while control single 
males were allowed to raise a normally aging brood (gray bars). Following the first day 
of paternal care, each brood of manipulated single males was exchanged with fresh, 
unfed larvae during two brood replacement trials. Day 1- JH titers at the onset paternal 
care; Day 2- JH titers after 24 h of care for the original brood; Days 3 and 4- JH titers 
after 24 h of care following the first and second brood replacement, respectively; Day 5- 
JH titers at the time larvae reached final molt. Control males were allowed to care for the 
original brood for 3 days and were sampled at the onset of paternal care (Day 1), after 24 
h of care when larvae molted from first to second instars (Day 2) and after another 
uninterrupted 24 h of care when their larvae molted to third instars (Day 3). Bars 
represent back-transformed means ± SE of log-transformed data and sample sizes are 
shown at each time point.
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Figure 3.5.
Effect of JH inhibitor on JH of breeding pairs at larval hatching. Bars represent JH  titers 
of males and females immediately before the fluvastatin treatment (black) and at 3 h 
following the acceptance of larvae (gray). Back-transformed means ± SE of log- 
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Figure 3.6
Effect of JH inhibitor on JH of single males pre and posthatch. Bars represent JH titers of 
single males before and after they were administered two fluvastatin treatments. 
Hemolymph samples were collected immediately preceding the first (15 h prehatch) and 
second (3 h prehatch) fluvastatin injection, and at 3 h and 5 h posthatch. Second 
fluvastatin treatment was administered 12 h after the first one and last hemolymph 
sample was collected 12 h after the second fluvastatin treatment. JH titers represent back- 
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CHAPTER IV
EFFECT OF JUVENILE HORMONE ON VITELLOGENIN 
GENE EXPRESSION
Abstract
In the burying beetles, Nicrophorus orbicollis, it is not clear the extent to which 
synthesis of Vitellogenin (Vg) is under hormonal control. Juvenile hormone (JH) and 
ovarian development increase rapidly upon discovery of a carcass, the necessary 
reproductive resource, but in its absence, treatment with JH does not accelerate ovarian 
development. Here, we investigated the effect o f manipulating JH titers on Vg gene 
expression in the fat bodies of newly eclosed and sexually mature females. Topical 
applications of the JH analogue, methoprene, at doses of 200, 300 and 400 pg/g beetle to 
newly eclosed females resulted in up to a 5-fold increase in fat body Vg mRNA levels 
compared to acetone-treated control females; however none of these increases were 
statistically significant. We also measured hemolymph Vg in females subjected to 
prolonged treatment with an intermediate dose of 300 pg of methoprene/g beetle and 
found no statistically significant increase in hemolymph Vg. There was however a 
significantly positive correlation between V g mRNA and hemolymph Vg. Moreover, 
while treating sexually mature females w ith fluvastatin (an inhibitor of JH biosynthesis) 
at a dose of 40 pg/ beetle resulted in significantly decreased JH titers in treated females
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compared to saline-injected controls, Vg transcription rates were not affected. These 
findings suggest that in burying beetles, JH alone is not sufficient to upregulate the 
expression of the Vg genes. At the same time, it seems plausible that JH may indirectly 
act as a gonadotropin by interacting with unknown factor(s) involved in regulating the 
vitellogenic cycle that could thus mediate the effect of JH on Vg gene expression.
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Introduction
Reproductive cycles o f long-lived adult insects are usually cued by environmental 
factors and depend largely on hormonal control. Juvenile hormone (JH) is the major 
gonadotropin of female insects. Its typical role is to control ovarian development by 
stimulating Vitellogenin (Vg) synthesis in the fat body and its uptake by the developing 
oocytes in the ovary (Engelmann, 1983; Koeppe et al., 1985). Most endocrine studies of 
insect reproduction, other than that of Diptera, have focused on the stimulatory effects of 
JH on ovarian development, Vg synthesis, yolking of eggs and oviposition (Engelmann, 
1983; Belles, 1998). Some studies have also explored the combined effects of JH and 
nutrition (Fei et al., 2005), including nutritional stress (Rauschenbach et al., 2004), on the 
onset o f  reproduction. However there can be wide variations with regard to which aspect 
of reproduction is regulated by JH (Rhaikel et al., 2004). Insects that are opportunistic 
breeders and rely on an unpredictable reproductive resource (e.g., a small vertebrate 
carcass), such as the burying beetles, constitute a special case for the control of 
reproduction. In this context, it is expected that the unpredictability o f a breeding 
opportunity may require a complex interaction of environmental and physiological 
factors in the regulation of reproductive processes.
In an increasing number of species, the gonadotropic role of JH has been clearly 
demonstrated by investigating the actions of JH at the level o f Vg gene expression 
(Rhaikel et al., 2004). As expected, the cellular effects of JH on the Vg gene transcription 
may differ among the insects studied. While in some cases stimulation of gene expression 
by JH occurs rapidly, in other cases this effect is delayed and m ay require prolonged or
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repeated administration of hormone. In Blatella germanica (Dictyoptera) and Locusta 
migratoria (Orthoptera), the JH dependency o f Vg synthesis and Vg uptake has been 
clearly demonstrated. In female B. germanica whose JH-producing glands (corpora allata) 
were removed, in vivo induction of Vg gene transcription in the fat body has been 
successfully achieved as early as 2 h following JH treatment (Comas et al., 1999). Fat 
bodies of B. germanica females also respond to hormone treatment in vitro. Following 
incubation o f isolated fat bodies with JH, Vg mRNA was detected after only 7 h (Comas 
et al., 2001). In L. migratoria, Vg mRNA was first detected in the fat bodies of JH- 
deprived females after 24 h of treatment with the JH analogue, methoprene but after only 
12 h of stimulation, when the effective methoprene dose was applied after repeated 
administration of suboptimal doses (Chinzei et al., 1982; Dhadialla et al., 1987; Wyatt et 
al., 1996). It was suggested that, in the first case, the lag in gene expression may reflect a 
delay in the production of JH-dependent transcription factors (Glinka and Wyatt, 1996; 
Wyatt et al., 1996) that are necessary to induce Vg gene expression. In the second case, 
the so-called ‘priming effect’ of JH on the Vg gene expression is thought to result from a 
‘cellular memory’ of the Vg gene; accumulation of JH-dependent factors during 
stimulation by sub-effective doses of hormone may lead to an enhanced response after 
treatment with an optimal dose (Wyatt et al., 1996).
In the burying beetle, Nicrophorus orbicollis, the role of JH in the synthesis of Vg 
is less clear. JH increases rapidly upon discovery of a carcass (Trumbo et al., 1995), the 
necessary reproductive resource (Pukowski, 1933), but in the absence of a carcass, 
treatment with methoprene is not sufficient to accelerate ovarian development in female 
burying beetles (Scott et al., 2001). In fact, following carcass discovery, neither mating
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nor feeding from the carcass can account for the rapid increase in ovarian development 
(Scott and Traniello, 1987) or JH (Panaitof et al., 2004).
Burying beetles have a complex behavioral repertoire that has evolved to utilize a 
rich and ephemeral resource as food for their young. Some of these behavioral 
adaptations require rapid preparation of the resource and elaborate biparental care (Scott 
and Traniello, 1990). We have previously established the pattern of JH secretion during a 
breeding bout (Panaitof et al., 2004) and have shown that social factors can affect JH 
titers (Scott and Panaitof, 2004; Scott, 2006). However it is not known whether in the 
burying beetles JH exerts its effects on reproduction exclusively as a gonadotropin or as a 
regulator of social behavior or perhaps both.
A first step in addressing this issue was to investigate the patterns of Vg synthesis 
in the fat body by measuring both hemolymph Vg and fat body Vg mRNA of pre 
breeding and breeding females (Scott et al., 2005). We have identified two Vg genes and 
have shown that JH, hemolymph Vg and fat body Vg mRNA increase in parallel during 
the period of sexual maturation. However, neither hemolymph Vg or Vg mRNA levels 
were significantly correlated with JH titers of individual female burying beetles.
In the present study, we took a more direct approach to this question and 
manipulated JH titers of nonbreeding females in order to explore the possible hormonal 
modulation of Vg mRNA transcription by JH and its implications to the regulation of 
reproductive events in N. orbicollis. We discuss our findings in the context of the 
gonadotropic and social role o f JH in burying beetles, as well as other insect species.
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Methods 
Beetles
All females were laboratory-reared offspring of a colony of beetles captured June 
2004 in Durham, NH. Beetles were housed in plastic boxes containing damp paper towels 
with up to ten same-sex individuals, maintained at 20 °C and a 14:10 L:D cycle and fed 
mealworms ad libitum. At the time of the experiments, females were either newly eclosed 
(methoprene treatments) or sexually mature (fluvastatin treatments).
Treatments with JH Analogue
In the absence of performing allatectomies, which are not feasible for these 
beetles, we used newly eclosed females since their natural JH titers are at their lowest and 
least variable. In burying beetles, JH titers of prebreeding females increase steadily over a 
21 day-period following eclosion, until they reach a plateau (Trumbo et al., 1995). On a 
physiological background of low JH, effects of the JH analogue on Vg gene expression 
could thus be more easily detected.
In a first experiment, a group of newly eclosed females (0 day-old) were topically 
treated with either 200 pg/g beetle (N=7) or 400 pg/g beetle (N=7) o f methoprene in 
acetone. A control group of females (N=7) from the same cohort was treated with acetone 
only. All females were sacrificed 3 days later, fat bodies were removed, total RNA was 
extracted and quantified and Vg mRNA levels were determined by real-time quantitative 
PCR (qPCR), following the protocol described in Scott et al. (2005). Another group of 
sexually immature, 6 day-old females (N=6), was treated with 300 pg o f methoprene in 
acetone/g beetle every other day for 6 days. In this latter group, we wanted to give the fat
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body more time to mature. Also the biological half-life of methoprene is much longer 
than that of JH and we estimated that 3 treatments of an intermediate dose over 6 days 
would maintain elevated hormone titers for a longer period. At 6-12 days, the fat body 
appears competent to synthesize Vg, albeit at lower levels than when fully mature (Scott 
et al., 2005). A control group of females (N=5) of the same age was treated with acetone 
only. Females were sacrificed on the last day and fat bodies were removed and processed 
as above. In order to measure Vg levels, a hemolymph sample was also collected from 
treated females.
Treatment with JH Inhibitor
To inhibit JH biosynthesis in sexually mature females (24-49 day-old), we used 
the JH antagonist, fluvastatin (a generous gift from Novartis). Females were given a 
fluvastatin injection in saline at a dose of 40 pg/ beetle. One group (24 day-old females) 
was sacrificed 3 h after treatment (N=8) and another (49 day-old females) 12 h after 
treatment (N=8). Control groups consisted of same-cohort females (N=16) that received 
only a saline injection and were sampled at the same time intervals as the fluvastatin- 
treated groups. Fat bodies of all females were dissected, RNA extracted and Vg mRNA 
quantified by qPCR. At the time control and fluvastatin-treated females were sacrificed, a 
hemolymph sample was also taken from each female to quantify JH by 
radioimmunoassay (RIA) and thus verify the expected decrease in JH titers following the 
fluvastatin treatment.
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Real-Time Quantitative PCR
Fat body was sheared in TRIzol reagent (Invitrogen), total RNA extracted with 
chloroform, precipitated with isopropanol and quantified by spectral absorbtion at 
260/280 nm. Four pg of total RNA were treated with RQ1 DNase (Promega) and 
precisely quantified with RiboGreen (Molecular Probes) using a CytoFluor 2300 
(Millipore). Rather than use a “housekeeping” gene to compare and correct for sample to 
sample variation, we chose to relate all copy numbers to total RNA concentration (Bustin, 
2002). qPCR reactions followed the protocol described in Scott et al. (2005). cDNA 
templates were generated by reverse transcription of 1 pg DNAse-treated total RNA 
using 50 pmol poly T primer and 500 U Superscript III (Invitrogen). Separate PCR 
reactions were performed for each Vg gene (Vgl and Vg2) by mixing 1 pi cDNA, 
primers (3 pmol) and primer-specific probes (2 pmol) with 30 pi o f Taqman mix 
(Qiagen). PCR amplification was done with 40 cycles at 95 °C for 15 sec, 55 °C for 30 
sec, 65 °C for 60 sec. Primers and probes were designed for a previous study (Scott et al., 
2005). PCR efficiencies of the two primer sets, as determined by Scott et al. (2005), were 
100% for Vgl and 87% for Vg2. qPCR threshold was set at 0.05 and the relative amount 
of template mRNA of each Vg gene (Vgj) per pg total RNA was calculated as
V g =  - ---------------
(1+ E f «
where Cti and Ei are the critical threshold and efficiency for each V g  gene i. All PCR 
reactions were performed in triplicate and the average of Vgi transcript was used for 
statistical analysis. V g mRNA levels o f control and treated females were compared by 
single-factor ANOVA applying an a=0.05 confidence interval.
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Juvenile Hormone Radioimmunoassay
Hemolymph (4-10 pi) was taken by puncturing the intersegmental neck 
membrane and applying a calibrated micro-capillary tube to the wound. Sample was 
immediately transferred in 0.5 ml chilled acetonitrile. Extraction and radioimmunoassay 
(RIA) followed the methods of Trumbo et al. (1995), Scott and Panaitof (2004) and 
Panaitof et al. (2004), using chiral-specific antiserum to 10/?-JH IH, the naturally 
occurring enantiomer (Hunicutt et al., 1989). JH concentrations in the hemolymph were 
calculated from the standard curve using the solver function in Excel, adjusting for the 
volume of hemolymph taken, extraction efficiency, JH dilution in MeOH sample and 
multiplying by 0.5 since the standards consisted of racemic JH and the antibody was 
chiral-specific.
SDS-PAGE Analysis to Quantify Hemolymph Vg
Samples o f  hemolymph were subjected to SDS-PAGE to quantify relative Vg 
protein as previously described in Scott et al. (2005). Ten pi o f hemolymph were taken 
and an equal volume of 2x SDS sample buffer containing 6-mercaptoethanol was added. 
Samples were boiled, then frozen in liquid nitrogen. After thawing, samples were 
solubilized in 4 M  urea. Five pi of a 1:20 dilution of each sample were electrophoresed 
on a 4-15% gradient gel (Criterion). High molecular weight standards for SDS-PAGE 
(Bio-Rad) were loaded alongside the treated hemolymph samples. Electrophoresis was 
performed at constant voltage (200 V) for 50 min. Following the electrophoresis, the gel 
was stained with Coomassie blue to detect the two subunits o f the Vg protein (Scott et al., 
2005). Gels were scanned and analyzed by densitometry using QuantiScan 3.0 (Biosoft).
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Only the smaller subunit of the Vg protein (approximately 38 kDa) was used for 
quantification. The net areas under the peak (above the background) were compared to 
obtain the relative concentration of the Vg protein in each hem olym ph sample.
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Results
Effect of .TH Analogue on Vg Gene Expression and Hemolymph Vg
Although Vg mRNA levels of females treated with a single dose of methoprene 
did increase compared to those of control females, this increase was not statistically 
significant across treatments (F2,20=0 .83 ; p=0.44 for Vgl and F2,2o=0.73; p=0.49 for Vg2). 
Vg mRNA of females treated with 400 pg/g beetle of methoprene was on average 5-fold 
(Vgl gene) and 4-fold (Vg2 gene) higher than that of controls (Figure 4.1).
Females administered 300 pg/g beetle o f methoprene 3 times over 6 days were 
older than those used in the single dose experiment (12 days vs 3 days post eclosion, 
when sacrificed). Gene expression for these females was more than two orders of 
magnitude higher. Although Vg mRNA of treated females was on average 2-fold (Vgl 
gene) and 2.5-fold (Vg2 gene) higher than those o f control females (Figure 4.2), these 
differences were not significant (Fi,io=1.7 1 ; p=0.22 for V gl and Fi,io=l-86; p=0.20 for 
Vg2).
Hemolymph Vg levels of females subjected to prolonged methoprene treatment 
also rose compared to controls although this increase was not statistically significant 
(Fi,io=l.l; p=0.32; Figure 4.3). However we did find a highly significant positive 
correlation between hemolymph Vg titers and fat body Vg mRNA levels for both Vg 
genes (R2= 0.70; p=0.001 for Vgl gene and R 2= 0.87; p< 0.001 for Vg 2 gene; Figure 
4.4).
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Effect of -TH Inhibitor on Vg Gene Expression
Treatment with the JH antagonist revealed that fluvastatin had a strong effect on 
hemolymph JH levels, significantly decreasing JH in fluvastatin-treated females 
compared to controls (Fi,i5=7.1, p=0.01 for the 3 h treatment group and F i j 4=24.7, 
p<0.001 for the 12 h treatment group; Figure 4.5). This indicates that fluvastatin strongly 
and reliably inhibited JH production by corpora allata in both groups of fluvastatin- 
treated females. However, lowering hemolymph JH had no effect on Vg gene expression. 
Vg mRNA levels of fluvastatin treated females were similar to those of controls at either 
3 h (Fi,14=0.06, p=0.79 for Vg 1 gene; F i,i4=0.05, p=0.82 for Vg 2 gene) or 12 h after 
treatment (FU 5=0.87, p=0.36 for Vg 1 gene; F U 5=1.54, p=0.23 for Vg 2 gene) (Figure
4.6 (a) and (b), respectively).
JH titers of females in the 12 h group were also significantly higher than those of 
females in the 3 h group for both control (F ijis= 17.08, p=0.001) and fluvastatin-treated 
females (Fi.is=22.75, p<0.001). We attribute the large difference in hormone titers to the 
age o f the females in each group: 21 day (3 h treatment) versus 49 day-old (12 h 
treatment). We have previously shown that JH increases steadily during the sexual 
maturation period (Scott et al., 2001; Panaitof et al., 2004) and this difference could 
reflect age-related variations in the reproductive physiology of these females at the time 
of sampling.
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Discussion
Partial Modulation of Vitellogenesis bv .TH
The lack of a clear role of JH in vitellogenesis and its relatively low-scale effects 
on Vg genes expression certainly contrasts burying beetles with other insect species, such 
as the well-studied group of cockroaches that have emerged as a model group for the 
investigation of the effects of JH on vitellogenesis (Comas et al., 2001). In some species, 
JH is capable of both a fast induction of Vg mRNA expression (Comas et al., 1999) and a 
slower-acting, priming effect on fat body tissue whereby Vg gene transcription is 
enhanced following successive exposures to sub-optimal hormonal doses (Chinzei et al., 
1982; Dhadilalla et al., 1987; Glinka and Wyatt, 1996). However, there is considerable 
variation in the effects of JH on the fat body and its ability to synthesize Vg (Rhaikel et 
al., 2004). It has been suggested that for JH to affect Vg transcription, it is necessary that 
the Vg genes first reach an expressible state and thus allow JH to further modulate their 
activity. Some authors explain these differences as the consequence o f a significant delay 
(24 h) in the expression of the Vg gene itself which could result from  a lag time in the 
synthesis of JH-dependent transcription factors (Dhadialla et al., 1987; Wyatt et al., 1996).
In other species, vitellogenesis can be partially dependent on or even totally 
independent of JH. In Dipterans such as the house fly, Musca domestica, 20- 
hydroxyecdysone is the chief hormone involved in Vg transcription and its interaction 
with JH, which is also required for the final steps of vitellogenesis (i.e., choriogenesis), is 
not completely understood (Agui et al., 1991). Lepidopterans represent a special case for 
the hormonal control of Vg gene expression due to the differences in the timing of the
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first vitellogenic cycle (e.g., larval, pharate adult or adult stage). In species that start 
vitellogenesis as larvae or pupae (e.g. Manduca sexta, Lymantria dispar) there is an 
apparent uncoupling of the vitellogenic and metamorphic processes and Vg synthesis can 
proceed in the absence of JH. In the gypsy moth, L. dispar, high JH titers can even 
suppress the transcription of Vg gene (Fescemyer et al., 1992), while in the hawk moth, 
M. sexta, JH  is only needed to finalize oocyte growth (Satyanarayana et al., 1994). Also, 
in lepidopterans that are short-lived and do not feed as adults such as the cecropia 
silkmoth, Hyalophora cecropia, which develops its eggs before adult emergence, no 
hormonal regulators of vitellogenesis have been found (Pan, 1977).
In species with noncyclical reproductive behavior, vitellogenesis also appears to 
be uncoupled from JH. In the female stick insect, Carausius morosus, which after 
reaching sexual maturity develop and lay their eggs continuously, rates of Vg synthesis, 
secretion or uptake by the fat body, were not affected by allatectomy (Bradley et al., 
1995). A similarly striking case is represented by the highly eusocial insects, such as the 
honey bee, Apis mellifera. In this case, it has been suggested that JH may have been 
exclusively co-opted for a social role to regulate the age-related reproductive division of 
labor in workers (Robinson and Vargo, 1997). Other studies of honey bee reproduction 
have similarly suggested that JH does not act as a major gonadotropin. Honey bee queen 
A. mellifera maintain high hemolymph Vg throughout their life but neither allatectomy 
nor JH treatment of adult queens seem to affect Vg production in the fat body (Engels et 
al., 1990). In worker honey bees, which have low Vg, JH treatments can accelerate the 
timing of Vg appearance in the hemolymph (Barchuck et al., 2002). However, at high
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doses, JH treatments may in turn be responsible for a decrease in hemolymph Vg titers 
(Engels et al., 1990).
Compared to other insects, burying beetles are unusual in several respects. They 
need to coordinate the discovery of an unpredictable resource, a small vertebrate carcass, 
with vitellogenesis and oviposition within a very short period. Female burying beetles 
develop their ovaries over a period of 12-21 days following eclosion and after reaching 
reproductive competence, their ovaries reach a resting stage until a resource is discovered 
and ovarian development is rapidly completed (Wilson and Knollenberg. 1984; Trumbo 
et al., 1995; Trumbo, 2002). The fast ovarian development that occurs upon discovery of 
a carcass suggests that reproduction in burying beetles is tightly controlled by the 
reproductive resource. Thus the possible intervention of brain factors, such as perhaps 
modulatory neuropeptides, capable of coordinating the assessment of a carcass, ovarian 
development and vitellogenesis, can not be excluded.
Changes in Vg Transcription Rates during Sexual Maturation and Reproduction
In our previous study, we have shown that mRNA levels of both V gl and Vg2 
genes were low in prebreeding females for the first 5 days after eclosion but after 
reaching sexual maturity, 15-21 days after eclosion, expression of both genes peaked. Vg 
mRNA levels were also high 12 h after discovery of a carcass, around the time of 
oviposition, but started to drop 3 days after carcass discovery and continued to decline 
until the end of the breeding bout (Scott et al., 2005). In fact JH, Vg mRNA and 
hemolymph Vg increase in parallel during sexual maturation. However JH was not 
significantly correlated with either fat body Vg mRNA or hemolymph Vg of individual
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females (Scott et al., 2005). Moreover, when JH is highest during the parental stages of 
breeding, Vg mRNA levels are low while towards the end of the reproductive cycle, 
when JH levels plummet, hemolymph Vg starts to rise again.
Effects of Hormonal Manipulations on Fat Body Vg mRNA and Hemolymph Vg
In this study, we have tested the effect of JH on Vg gene expression in newly 
eclosed and sexually mature female burying beetles. Although increasing the methoprene 
dose from 200 pg/g beetle to 400 pg/g beetle has resulted in a 4-fold to 5-fold increase in 
Vg transcript levels in treated females compared to controls, Vg mRNA levels of these 
females were too varied to allow us to detect a significant effect of higher JH titers on Vg 
gene expression in the fat body (Figure 4.1). Repeatedly treating immature females with 
intermediary methoprene doses of 300 pg/g beetle every other day for 6 days did not 
result in significant increases in Vg mRNA levels either. At the same time, fluvastatin 
treatments failed to reveal any significant effect of lower JH on Vg gene expression. It 
may be that the fat body is either insensitive to an abrupt decrease in JH or that 
compensatory mechanisms may maintain Vg mRNA levels elevated. This picture is 
however less clear since fluvastatin, an inhibitor of the JH biosynthetic pathway in the 
corpora allata, can also affect the glycosylation of Vg in the fat body and by affecting Vg 
synthesis itself, could confound any effects that JH may have on Vg gene expression.
The significant positive correlation between Vg mRNA levels and hemolymph Vg, 
following methoprene treatment also suggests that positive feedback loops m ay exist in 
the fat body allowing for the rapid production of Vg, following an increase in Vg mRNA 
levels. However the same homeostatic mechanisms that allow an optimal level o f Vg to
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be maintained in the hemolymph of prebreeding females could also lead to Vg 
breakdown in the hemolymph, when Vg titers are too high.
Our analysis of transcription levels of the two Vg genes in newly eclosed and 
sexually mature nonbreeding burying beetle females suggested that an in vivo increase of 
JH can to some extent affect the activity of the Vg genes. Manipulating JH titers of 
prebreeding females (JH increase by methoprene topical applications and JH decrease by 
fluvastatin injections) also indicated that the effects of JH on Vg gene expression in the 
fat body may not be exerted in a straightforward manner. Since increasing hemolymph 
JH alone does not seem to significantly increase fat body Vg mRNA, it appears that other 
factors that are sensible to the reproductive or nonreproductive state of the individual 
may be at play. Reproduction in burying beetles may be mediated by a finely-tuned 
cascade of events whereby brain factors can signal the fat body and ovary the discovery 
of a carcass and allow resources to be quickly allocated to egg production.
Conclusion
These results combined seem to indicate that JH is capable o f stimulating Vg gene 
expression in the fat body of burying beetles, although JH alone does not appear to be 
sufficient to trigger a significant rise in Vg gene transcript levels. An obvious explanation 
would be that JH may act in combination with other factors capable o f affecting 
transcription rates. These factors may in turn be sensitive to unknown reproductive 
signals that may or may not trigger a concomitant increase in JH titers.
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Figure 4.1
Effect o f JH analogue on Vg gene expression. Bars represent V gl mRNA (grey) and Vg2 
mRNA (black) levels of methoprene-treated (200 pg/g beetle and 400 pg/g beetle) and 
control females 3 days after treatment. Means ± SE are shown.
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Figure 4.2
Effect o f repeated JH analogue treatment on Vg gene expression. Bars represent Vgl 
mRNA (grey) and Vg2 mRNA (black) of control (acetone-treated) and methoprene- 
treated (300 pg of methoprene in acetone/g beetle) females following 3 topical 
applications administered every 2 days over a 6 day-period. Means ±  SE are shown. Note 
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Figure 4.3
Effect of JH analogue on hemolymph Vg. Hemolymph samples were collected from both 
control (acetone-treated) and methoprene-treated (300 pg of methoprene in acetone/g 
beetle) females, following 3 topical applications of the vehicle (acetone) or JH analogue. 
Treatments were administered every 2 days over a 6 day-period. Bars (means ± SE) 
represent hemolymph Vg levels of the smaller subunit of the Vg protein.
Methoprene-treatedControls
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Figure 4.4
Correlation between hemolymph Vg and fat body Vg mRNA. Samples were collected 
from both control (acetone-treated) and methoprene-treated (300 pg of methoprene /g 
beetle) females. Scatter plots o f the two Vg genes were analyzed separately and were 
represented in black diamonds (Vgl gene) and white squares (Vg2 gene). Only the 
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Figure 4.5
Effect o f JH inhibitor on JH of sexually mature females. Bars represent JH titers of 
control (saline-treated; black) and fluvastatin-treated (gray) females, measured at 3 h and 
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Figure 4.6
Effect of JH inhibitor on Vg gene expression. Bars represent V gl (a) and Vg2 (b) 
transcription levels of control (saline only; dark bars) and fluvastatin-treated females 
(grey bars) at 3 h and 12 h following treatment. Means ±  SE are shown.
(a)
0 . 8  -i
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CHAPTER V
EFFECTS OF BIOGENIC AMINES ON THE EXPRESSION OF 
PARENTAL BEHAVIOR
Abstract
Regulation of reproduction in burying beetles, Nicrophorus orbicollis, involves a 
complex interaction of environmental and physiological factors. To breed, a male-female 
pair of beetles buries and prepares a small vertebrate carcass as food for its altricial 
(defenseless) young. During a breeding bout, male and female behavior needs to change 
synchronously at appropriate times and must be well-coordinated during care. Behavioral 
changes are accompanied by dramatic changes in Juvenile Hormone (JH), the major 
insect gonadotropin. In burying beetles, JH is very high during the caregiving stage. 
Despite correlated behavioral and hormonal changes, the role JH plays in regulating 
brood care is poorly understood. Here, I present preliminary data representing an 
investigation into the effects of the biogenic amines, octopamine (OA), dopamine (DA) 
and serotonin (5-HT), on the expression of parental behavior. Single-dose or combined 
treatments with 5-HT and OA, as well as administration of antagonists of both amines 
and JH, did not affect the caregiving response to newly hatched larvae at any of the doses 
used. I also measured individual brain levels of the three amines in nonbreeding and in 
breeding beetles after 12 h of care. In both males and females, brain amine levels
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changed little after 12 h of care, compared to baseline levels. However breeding females 
had significantly higher DA than either OA or 5-HT and higher DA than control females. 
In addition, both baseline and breeding brain levels of OA and 5-HT tended to be higher 
in males than in females and DA in females was significantly higher than in males after 
12 h of brood care. This preliminary study suggests the usefulness of investigating the 
role of biogenic amines and the aminergic system in understanding the neuromodulation 
of parental care in burying beetles.
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Introduction
Extended biparental care is extremely rare in invertebrates and in most vertebrate 
groups and understanding its mechanisms requires a thorough investigation of the 
interaction between environmental, social and physiological factors that have shaped this 
complex behavior. The burying beetle, Nicrophorus orbicollis, is the first insect with 
elaborate care for which physiological studies of parental care have been started. The 
natural history of burying beetles is well-described (Pukowski, 1933) and the ecological 
and evolutionary forces that may have sculpted their fascinating reproductive behaviors 
are well-studied (Eggert and Muller, 1997; Scott, 1998). During reproduction, a male- 
female beetle pair cooperates in burying and preparing a small vertebrate carcass as food 
for its altricial (defenseless) larvae. Parental repertoire of N. orbicollis represents one of 
the most complex forms of brood care in insects. During a breeding bout, male and 
female behavior has to change at appropriate times, from passive to aggressive towards 
conspecifics, and from infanticidal to parental, a few hours before larvae hatch (Muller 
and Eggert, 1990; Chapter HI). Males and females also need to coordinate their tasks 
during brood care, the most demanding stage of the reproductive cycle. W e have shown 
that in burying beetles, Juvenile Hormone (JH) titers change dramatically and are very 
high during care (Panaitof et al., 2004; Chapter I), and in both males and females JH 
levels are affected by social cues, such as age or size of brood (Scott and Panaitof, 2004; 
Panaitof et al., 2004; Chapter I and Chapter HI).
In spite of demonstrating the correlation between the well-timed behavioral 
changes that beetles undergo during a reproductive bout and changes in  JH  titers, the
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physiological mechanisms responsible for controlling parental care are not understood. 
Moreover, our investigation into the effects of JH on behavior has not shed more light on 
this phenomenon either. Direct treatment of burying beetles with the JH analogue, 
methoprene (Scott, unpublished data), or inhibitor, fluvastatin (Chapter HI), did not seem 
to either accelerate or delay the onset of care. Thus, it remains unclear whether JH has a 
direct effect on parental behavior, raising the possibility that it may not act alone to 
control the expression of brood care. The most likely compounds that may interact with 
JH are the biogenic amines, octopamine (OA), serotonin (5-hydroxytryptamine; 5-HT) 
and dopamine (DA), well-known neuromodulators o f  invertebrate behavior. OA 
modulates a wide array o f insect behaviors (Roeder, 1999; 2005). In the honey bee, Apis 
mellifera, OA affects the age-related division of labor by facilitating the switch from 
nursing (brood care) to foraging (Schulz et al., 2002). Treatment with OA induces 
precocious foraging in worker bees, suggesting that changes in OA levels could act like a 
switch to facilitate the expression of foraging behavior (Schulz et al., 2002). OA also 
plays a pivotal role in olfactory-based behaviors, especially as it relates to learning and 
memory processes such as those involved in discriminating foraging-related stimuli 
(Hammer and Menzel, 1995; Scheiner et al., 2002) or kin recognition (Robinson et al., 
1999). OA also modulates hygienic behavior whereby worker bees detect and remove 
diseased brood from the nest (Spivak et al., 2003). In territorial insects, such as the 
cricket Gryllus bimaculatus, OA also acts as a control switch such that after a fight, OA 
treatment of submissive individuals can lead to a behavioral shift from “losers” to 
potential “winners” (Hofmann and Stevenson, 2000). In crustaceans, OA works together 
with 5-HT to orchestrate the initiation and escalation o f aggressive behavior, with
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fluctuating levels of the two amines regulating the transition between different levels of 
aggressiveness during territorial fights (Kravitz, 1988). W hile in crustaceans 5-HT is the 
primary neuromodulator of aggressive behavior (Kravitz, 1988; 2000), in other 
invertebrates it has been implicated in the mediation of feeding, escape responses, arousal, 
memory formation and circadian rhythm control (Mesce, 2002).
In this preliminary study, I examined the effects of biogenic amines on the 
acceptance of larvae by burying beetles during breeding. I hypothesized that 5-HT may 
be involved in controlling aggression, while OA may act as a threshold is switching 
between conflicting behavioral states (e.g., nonparental and parental). I also measured 
brain levels of the three amines o f  individual beetles in order to compare baseline levels 
of nonbreeding animals to breeding levels of males and females after 12 h of care. 
Although sample sizes were small in all experiments, these preliminary data point to the 
usefulness of biogenic amines (aminergic system) in exploring possible neuromodulatory 
pathways of parental behavior in burying beetles.
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Methods
General Rearing and Breeding Conditions
Beetles were wild-caught using kidney-baited traps in June 2005 in Durham, NH 
or were lab-reared offspring of these individuals. They were housed in plastic boxes with 
up to 10 same-sex individuals and a kept on a 14L: 10D cycle. They were fed a diet of 
scraps of beef kidney and mealworm ad libitum. All animals were sexually mature, 21-35 
day-old at the tim e of the experiments. To breed, each male-female pair was provided 
with a 25-30 g mouse carcass in a box of soil at light-off. After oviposition, each pair was 
transferred along with the carrion ball into a new box of fresh soil and eggs were 
monitored daily until larvae hatched.
Effects of 5-HT and OA on the Acceptance of Larvae
To test for the individual effect of biogenic amines on the onset of parental 
behavior, on the day larvae hatched, I treated breeding beetles with either serotonin (5- 
HT, Sigma; N =12) or octopamine ( d l - O A , Sigma; N=6). Drags were dissolved in saline 
(in mmol I'1: N aCl 150, KC19.0, CaCl2/ H20  5.0, MgCl2/H20  5.0) to yield different 
concentrations (10 "4, 10'3 and 10'2 M). Each dose was administered by subcuticular 
injection (5 p i /beetle) with a Hamilton microsyringe. Fifteen minutes following each 
treatment, each pair was provided with 10 larvae. Male and female behavior was 
monitored for one hour to determine if  they accepted (fed) larvae.
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Combined Effects of 5-HT and OA on the Acceptance of Larvae
To test for the possibility of interaction (additive or antagonistic) between 5-HT 
and OA, I administered the two amines in successive treatments. On the day larvae 
hatched, breeding beetles (N=6) were first treated with 5-HT (10 pg/beetle). Ten larvae 
were placed on the carcass and 3 h later an OA injection (150 pg/beetle) was 
administered. Following each treatment, beetles were observed for up to an hour to see if 
they accepted (fed) larvae.
Effects of Biogenic Amine Antagonists on the Acceptance of Larvae
To determine the effect of simultaneous depletion of biogenic amines and JH 
levels, some breeding beetles were treated with two specific amine antagonists, a- 
Methyl-p-tyrosine (AMT, Sigma), a competitive blocker of dopamine and OA synthesis 
and a-methyltryptophan (AMTP, Sigma), a competitive blocker of 5-HT synthesis, both 
dissolved in distilled water. Beetles were also treated with the JH inhibitor, fluvastatin 
(Novartis). Approximately 28 h before larvae were expected to hatch, beetles (N=6) 
received a first subcuticular injection containing a mixture of AMT (350 pg/beetle) and 
fluvastatin (40 pg/beetle); 18 h later they received a second injection containing AMTP 
(100 pg/beetle) and fluvastatin (40 pg/beetle). W hen broods hatched, 10 h after the 
second treatment, beetles were provided with 10 newly hatched larvae and were observed 
at 15 min intervals for an hour to assess their response to larvae. Parental and nonparental 
activities performed by both males and females were scored. For comparison, number of 
occurrences of each behavioral act (larval feeding, carrion processing and ‘other’
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including walking and grooming) was divided by the total number of acts performed by 
beetles of either sex and reported as a percentage.
Measurement of Brain Biogenic Amine Levels by HPLC
To determine if levels of OA, DA and 5-HT change at the onset of parental 
behavior compared to baseline levels, some beetles were allowed to breed as described in 
the previous section. After their larvae hatched, they were observed to determine if they 
accepted (fed) larvae and following 12 h of care, each male-female pair (N=5) was 
removed from the brood chamber and sacrificed. Control males (N=7) and females (N=3) 
representing beetles of the same age were fed scraps of beef kidney for the duration of 
breeding experiments (6 days) and were sampled at the same time as breeding male- 
female pairs. All beetles were sexually mature, 21-26 day-old at the time o f the 
experiment.
Beetle brains were dissected in ice cold phosphate buffered saline (137 mM NaCl,
2.7 mM KC1, 10 mM Na2HP0 4 , 1.8 mM KH2PO4, pH 7.4) and immediately frozen 
individually in 1.5 ml Eppendorf tubes at -20  °C. Each brain was homogenized in 40 pi 
of ice cold 0.1 M  perchloric acid and chilled on ice for at least 1 h prior to analysis. 
Immediately before analysis, the samples were centrifuged at 16,100 RCF for 2 minutes. 
Brain amine levels were measured with an ESA CoulArray Model 4600 HPLC with 
electrochemical detection equipped with a C l8 column (ESA; 150mM, 120A), a 20 pi 
loop (Rheodyne) and a column heater (Eppendorf) held at 29 °C. The flow rate was set at 
500 pi /min. The mobile phase was composed of 15 % acetonitrile (Fisher, HPLC grade), 
15 % methanol (Fisher, HPLC grade), 75 mM N a^P C L , and 1.5 mM SDS, pH 5.6
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(Schulz and Robinson, 1999). The electrodes were set at 100 mV, 425 mV, 530 mV, and 
650 mV. Octopamine was detected in the 650 mV channel; dopamine was detected in the 
100 mV channel, and serotonin was detected in the 425 mV channel. Forty pi of each 
homogenate was used for each injection. Retention times and concentrations of the 
amines were determined by comparison to a standard composed of 50 nM octopamine 
hydrochloride, dopamine, and serotonin hydrochloride in 0.1 M perchloric acid made on 
the day of analysis. Data were collected and analyzed using CoulArrayWin software 
(ESA Biosciences). Changes in amine levels were analyzed with one-way ANOVAs 
followed by Tukey tests for unplanned pairwise comparisons with a  set at 0.05.
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Results
Following the assumption that 5-HT may be responsible for changes in 
aggressiveness at appropriate times during breeding and OA might act as a switch to 
control the transition from rejection to acceptance of larvae, I tested both the individual 
and combined effects of 5-HT and OA on the acceptance larvae by male and female 
beetles. Single-dose treatment with either 5-HT or OA at all doses (10 ^  -10'2 M) did not 
prevent acceptance o f larvae. During the 15 min monitoring interval all beetle pairs were 
observed to feed larvae. Combination of amine antagonists (AMT, AMTP) and JH 
inhibitor, fluvastatin did not affect response to larvae either. The parental and nonparental 
activities performed by both males and females after contact with larvae are detailed in 
Table 5.1. During the one-hour monitoring interval most o f the activities that both males 
and females engaged in were larval feeding (40-41%) and carrion processing (30-35%).
A typical chromatogram used to determine single-brain levels of the three amines 
is presented in Figure 5.1. Brain levels of 5-HT, DA and OA o f control and breeding 
male and female beetles are presented in Figure 5.2 (a) and (b), respectively. During 
breeding, levels o f OA, DA and 5-HT of both males and females did not change 
significantly compared to control beetles. Although during breeding brain DA levels were 
higher in beetles o f both sexes relative to baseline levels, this increase was not significant 
in either males (F ui=0.60 , p=0.45) or females (Fi 5=4.15, p= 0 .11). However, during 
breeding females experienced significant changes in the brain levels of DA relative to the 
other two amines. On the first day of care, females had significantly higher DA than both 
OA (Fi,7=13.59, p=0.01) and 5-HT (Fi,7=16.75, p=0.006). Control females showed no
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overall differences in the amounts of amines that were detected (F2,7=0.80, p=0.49). 
There was also an interesting trend in higher mean baseline levels of OA and 5-HT (1.2 
and 1.5-fold, respectively) in males than in females. However a strikingly opposite 
pattern emerged when comparing baseline and breeding DA brain levels of males and 
females. Female baseline DA levels were on average 1.5-fold higher than in males. After 
12 h of care, DA levels of females were significantly higher than those o f males 
(Fi.8=6.47, p=0.03).
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Discussion
The role of hormones in the regulation of reproductive behavior, including 
parental care, has been explored extensively in vertebrates (Adkins-Regan, 2005). At the 
same time, other behavior-influencing compounds such as neuropeptides as well as 
monoamines proved important for the mechanisms involved in modulating the expression 
of parental behavior (Kendrick et al., 1992). In insects, octopamine and tyramine, its 
precursor, represent the counterpart of the monoamine (aminergic) system of vertebrates 
(Roeder, 2005). Biogenic amines octopamine and tyramine of insects are both 
structurally and functionally related to noradrenaline and adrenaline, respectively, of 
vertebrates. Dopamine and serotonin are common to both groups. Although it has been 
well-established that biogenic amines can play pivotal roles in the expression and 
modulation of insect behavior, to my knowledge no studies have investigated how 
changes in neurochemistry of these compounds can affect insect parental care. Given the 
intrinsic parallels between the aminergic systems of insects and vertebrates, an 
investigation into the role of biogenic amines in the context of regulation o f reproductive 
behavior in caregiving insects appears highly warranted.
In this preliminary study, I investigated for the first time whether biogenic amines 
have behavioral effects during reproduction in burying beetles. I treated beetles with 
different doses of 5-HT and OA, measured individual brain levels of OA, DA and 5-HT 
and compared baseline levels and breeding levels after 12 h of care. I hypothesized that 
changes in 5-HT may affect aggression (Kravitz, 2000), in this case interfering with care, 
while changes in OA levels may function as a threshold to facilitate the behavioral switch
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between nonparental and parental behavior that characterizes the onset o f care. 
Treatments with OA were administered on the first day of care thus excluding the 
opportunity to test whether it may accelerate the onset of care (e.g., induce precocious 
acceptance of larvae). Single-dose or combined treatments of beetles w ith 5-HT and OA, 
as well as simultaneous administration of both amine and JH antagonists have failed to 
induce changes in behavior (e.g., increase in aggressiveness or interruption of care).
Since no dose of 5-HT or OA in single-treatment experiments seemed to affect parental 
behavior, it was also not possible to assess how the two amines may interact during 
combined treatments (e.g., are their effects additive or antagonistic?). M ore data are 
needed to test the effect of single dose treatments of 5-HT, OA and DA as well as 
establishing a dose-response curve for each amine, assuming an effective dose is 
determined. The doses of each amine and its antagonist used in this study were primarily 
based on the cricket literature (Ureshi et al., 2002; Stevenson et al., 2005). However the 
volumes and total amounts of drugs delivered, as well as the number o f treatments 
differed. More studies are thus needed to provide the best method of delivery (e.g., in the 
cricket studies, both subcuticular and intraganglionic injection, as well as repeated 
administration of the higher end doses, were used).
I assumed that both 5-HT and OA were able to cross the brain-blood barrier and 
thus act on brain areas important for the control of reproductive and parental behavior. I 
also assumed the two amine inhibitors were able to affect production o f both 5-HT and 
OA in the aminergic neurons in the brain. However I did not verify if the doses used were 
sufficient to deplete the levels of the two amines. Future work em ploying quantification 
of amine levels by HPLC in brain and hemolymph is needed to determ ine optimal dose to
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be used to lower production of these amines at the lowest or below detectable levels. 
However in the case of fluvastatin, previous studies have demonstrated that using this 
hormone antagonist can effectively and reversibly inhibit biosynthesis of JH for up to 12 
h (Chapter HI).
Measurements of brain levels of the three amines (OA, DA and 5-HT) showed 
that levels of OA and 5-HT of both males and females changed little compared to 
baseline levels. Somewhat unexpectedly, as I had not previously tested behavioral effects 
of DA, it appeared that after 12 h of care, brain levels o f this amine changed the most 
compared to baseline levels. Brain levels of DA were significantly higher than both OA 
and 5-HT in females after 12 h of care. This suggests that DA may be especially 
important in orchestrating the behavioral changes associated with care. In other insects 
such as the fruit fly Drosophila melanogaster, DA is involved in the processing of 
olfactory stimuli and in olfactory-based learning (Schwaerzel et al., 2003. It is possible 
that in burying beetles, DA and the other amines may modulate the response of parents to 
olfactory cues from newly hatched larvae. More data are thus needed to confirm whether 
individual or combined (e.g., relative ratios o f each amine to the others) effects of 
biogenic amines can induce meaningful changes in behavior, such as those that burying 
beetles undergo at the onset of brood care.
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Table 5.1
Parental responsiveness of breeding pairs treated with inhibitors of biogenic amines and 
JH antagonist. Percentage of parental and nonparental activities performed by breeding 
males and females treated with amine antagonists (AMT and AMTP) and fluvastatin (JH 
inhibitor) are shown. Beetles were observed every 15 min for an hour, after being 
provided with larvae. Percentages were calculated by dividing the number of occurrences 
of each behavior to the total number o f activities performed by beetles of each sex.
Type of activity Feeding larvae Processing carrion Other (walking, grooming) Number of activities
Males 40% 35% 25% 20
Fem ales 41% 30% 29% 17
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Figure 5.1
Typical HPLC chromatogram used to measure biogenic amines. Characteristic retention 
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Figure 5.2
Brain levels o f biogenic amines. Bars represent means ± SE of brain levels of 
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CHAPTER VI
WHAT CAN BURYING BEETLES REVEAL ABOUT THE RELATIONSHIP 
BETWEEN HORMONES AND REPRODUCTIVE BEHAVIOR?
Extended biparental care in insects is rare. As with many vertebrates, 
understanding this elaborate pattern of care requires an integrative study of the interaction 
between physiological, social and environmental factors that may have sculpted the 
plastic behavioral responses required. Burying beetles have become an invertebrate 
model system of biparental care and offer a unique opportunity to investigate how 
reproductive behavioral plasticity enables parents to adjust to  rapidly changing 
environmental and social circumstances to maximize their reproductive fitness. As long- 
lived insects with multiple reproductive cycles, burying beetles undergo regular changes 
in reproductive behavior and physiology during a breeding season. They depend on the 
location of a rare and ephemeral resource to breed. The unpredictability of this resource 
has in turn promoted a vertebrate-like plasticity in the timing and organization of 
reproductive events. After they emerge as adults, females undergo a period of sexual 
maturation during which their ovaries develop and reach a  resting stage until the signal 
for yolking of eggs (e.g., a small vertebrate carcass) triggers the rapid completion of 
ovarian development. A highly flexible initiation of reproduction is also common in 
certain vertebrate opportunistic breeders such as the Australian zebra finch, where the 
stimulus for reproduction is a short and unpredictable period o f rainfall and ovaries are in
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at least half-developed state throughout the year (Sossinka, 1980). Thus to breed 
successfully, in both cases females need to respond to variable and unpredictable social 
and environmental conditions.
Upon discovery of a small vertebrate carcass, the male and female beetles must 
respond rapidly both behaviorally (to secure and prepare the carcass and deter 
competitors) and physiologically. In females the behaviors associated with the 
assessment of the resource cause a significant rise in Juvenile Hormone (JH) within a few 
hours after discovery of a carcass (Trumbo et al., 1995). JH of paired males undergo a 
similar surge (Panaitof et al., 2004; Chapter I). However at carcass discovery, JH of 
single males does not seem to rise in the absence of a female (Scott and Panaitof, 2004), 
suggesting that an initial surge in JH at this time in both paired males and females may 
serve to mark the functional onset of reproductive events, initiated by resource 
preparation and culminating in brood care.
Once a reproductive cycle is initiated, male and female beetles within a pair must 
coordinate their behavior during the nonparental and parental stages. The hormonal basis 
of this behavioral synchronization is poorly understood. In males, JH synthesis appears to 
track that of females (Scott et al., 2001), suggesting that matching hormone titers may 
mediate pair-bonding and cooperation in performing reproductive tasks. However no 
intra-pair coordination of JH titers was found, at least during brood care (Chapter II). It 
appears most likely that an initial rise in JH  in both males and females before oviposition 
could serve as a major cue for the subsequent coordination of behavior during the stage 
of brood care.
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In vertebrates, these physiological and environmental aspects of reproduction that 
mediate the complex sequence of reproductive behaviors (e.g. courtship, nest building, 
caregiving) have been well-studied (Lehrman, 1965; Crews, 1975; Rosenblatt, 1992). 
During a breeding bout, the behavior o f a beetle pair must also change appropriately; 
from neutral to aggressive towards con-specifics and from infanticidal to parental 
towards larvae. These behavioral changes are in turn reflected in a characteristic pattern 
of increases and decreases in hormone titers. Before larvae hatch, JH titers of males and 
females are similar. Since there appears to be little specialization in the tasks that males 
and females perform before larvae hatch, parallel changes in hormone titers suggest a 
common physiological substrate of parental behavior for both males and females. W hen 
broods hatch both parents need to respond (by switching from infanticidal to parental) to 
the arrival of newly hatched larvae and further adjust their caregiving to increasing 
offspring needs during brood care. However at this time there is a slight asymmetry in the 
parental tasks performed by males and females, with females being involved in more 
direct care (e.g., larval feeding) than males. During brood care, hormone titers diverge as 
well, in that JH of paired females continue to rise and reach very high levels after the first 
24 h of care, while that o f paired males return to near baseline (Panaitof et al., 2004; 
Chapter I). Single males, similar to paired females, also undergo a dramatic surge in JH at 
the onset of care (Chapter I; Panaitof et al., 2004). This contrasts burying beetles with 
other parental insects where high JH is often incompatible with brood care (Trumbo,
2002) and at the same time offers an interesting parallel to the mediation of parental care 
in birds for instance, where increasing prolactin is known to facilitate the initiation of 
chick care (Buntin, 1996).
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Therefore I hypothesized that this JH rise may affect parental responsiveness to 
newly hatched larvae. At the same time, behavioral changes during the first two days of 
brood care (increased feeding of larvae) are correlated with the spectacular rises in JH in 
both females and single males. Compared to paired males, single males compensate 
behaviorally with increased rates of care in the absence of a mate (Fetherston et al., 1994) 
and this behavioral plasticity is reflected in hormone titers that match those of females as 
well. Moreover JH drops in paired males before larvae hatch, further supporting the 
hypothesis that high JH is linked to increased rates of care (Panaitof et al., 2004; Chapter 
I). As larvae grow, the diminishing rates of care are also reflected in a decline in hormone 
titers in both male and female parents.
However the relationship between JH and parental responsiveness in burying 
beetles is not entirely clear. JH titers are affected by social cues from  young, suggesting 
that stimuli from young are important in the initiation and maintenance of care. This is 
indicated by the positive correlation between JH titers of single males and brood size 
(Chapter I), as well as maintenance of high JH during periods o f protracted care such as 
while providing for successive broods of newly hatched larvae (Chapter HI).
While hormone responses are affected by social cues from the mate and brood, it 
is not clear how JH in turn affects parental responsiveness. I hypothesized that changes in 
JH may act as a physiological threshold (e.g., in the manner of a behavioral pacemaker; 
Robinson and Vargo, 1997); an increase in JH prehatch could thus trigger the switch 
from nonparental to parental state that occurs a few hours before larvae hatch.
However comparisons between JH titers of single males that first rejected 
(prehatch) and later accepted larvae (when broods hatch) have produced mixed results.
128
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Although JH titers increase in most single males in the few days before broods hatch, a 
significant hormone rise does not appear necessary to initiate care (Chapter HI). 
Moreover, while some single males that fail to accept their own broods have low JH, in 
other single males the expression of parental behavior takes place in spite o f low 
hormone titers, such as when hormone titers are artificially lowered with a JH  antagonist 
(Chapter III).
It appears that the effect that JH has on the expression of care in burying beetles 
is complex and awaits further study. Thus while the importance of stimulation from 
young is clearly demonstrated, it remains to be investigated what the possible targets for 
JH action might be. The most probable way that JH  promotes parental behavior may be to 
prime the brain to respond to social cues from young and to coordinate male and female 
behavior at oviposition. As with vertebrate hormones, it is expected that high JH titers at 
the onset and during care would maintain a positive feedback on neural structures 
involved in controlling parental behavior. In birds and mammals, stimuli from chicks or 
neonates have important effects on neural mechanisms of parental behavior (Sharp et al., 
1996; Lea et al., 2001; Kendrick et al., 2002)
W ith the notable exception of highly social insects like the honey bees, in insects 
very little is known of the neural mechanisms involved in brood care. It remains a priority 
to explore how changing hormone titers affect a  beetle’s brain and behavior. A first step 
would be to determine if brain neuropeptides can affect JH production as it was shown 
with other insects (Stay, 2000) and if in turn, changing hormone titers have any 
consequences for brain synthesis of such modulatory compounds. Further, it is highly 
probable that other changes in brain neurochemistry, such as those involving the biogenic
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amines, octopamine, dopamine and serotonin, could also affect JH titers and its effects on 
physiology and behavior (Chapter V). Future work that would combine an investigation 
of the effects of neuropeptides and amines on JH should shed light on the possible 
existence of neuromodulatory pathways of parental care in burying beetles.
The lack of a clear social role of JH in brood care in burying beetles is further 
complicated by the lack of a clear gonadotropic role as well. In most insects, JH serves to 
stimulate the production of yolk protein, vitellogenin (Vg) and its uptake by the 
developing oocytes. However JH does not appear to directly regulate egg development in 
burying beetles. At carcass discovery, the rapid increase in JH and ovarian development 
in females suggest it may play a gonadotropic role. However neither application of JH or 
its analog resulted in accelerated ovarian maturation or faster oviposition (Scott et al., 
2001). In addition, treatment with either JH analog or antagonist have affected Vg gene 
expression only to a slight extent, suggesting that JH is not sufficient to upregulate Vg 
genes expression and that the yolking of eggs may be facilitated by other physiological or 
social signals as well, that in turn help to accurately reflect the timing of reproductive 
events (Chapter IV).
The fascinating parallels between the reproductive behavior and physiology of 
burying beetles and those of vertebrates represent a compelling reason to look for similar 
ways to tackle the regulation o f biparental care in these beetles. The reproductive axes of 
both vertebrates (hypothalamo-hypophysio-gonadal) and insects (brain-corpora allata- 
gonadal) are structurally and functionally analogous (Scharrer, 1987). Using the well- 
established methods of vertebrates such as immuno-cytochemistry for relevant 
neurocompounds, immediate early gene expression, in combination with hormone and
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behavior analyses, it may be possible to identify brain areas and modulatory pathways 
that are important for the expression of parental behavior of these fascinating insects.
Such work would greatly benefit our understanding of the mechanisms of insect 
parental care for which integrative studies of the interaction between hormone and 
behavior continue to be lacking. It would also further allow us to draw comparisons of 
the ultimate and proximate mechanisms that help to orchestrate the complex behavioral 
repertoires o f insects and vertebrates with elaborate patterns o f care and understand the 
physiological bases of reproductive behavioral plasticity in a broad-based, evolutionary 
context o f animal parental care.
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